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Th*  blistering  of  boat  bulls  is  s  sstIous  problem  which  offsets  many  fiber- 
glsss  polyester  hoots.  It  csa  range  from  s  turfieisl  cosmetic  problem  to  s  deep- 
seated  structural  condition  Which  can  thrsatsn  ths  sea-vorthinase  of  *  boot. 
It  is  costly  to  ths  boat  eimer  and  is  a  throat  to  ths  competitiveness  of  ths 
American  boat  building  industry.  From  this  report  and  other  recent  studies,  a 
thorough  understanding  of  tha  causes  of  the  problea  has  been  reached.  If  a  boat 
bull  la  susceptible  to  the  problea,  once  blistering  starts,  certain  eorrecfcivs 
actions  oust  be  token  or  the  problea  will  worsen  end  become  aore  deep-seated, 
the  second  pert  of  this  report  focuses  on  the  repeir  end  prevention  of 
blistering.  As  asteriels  change  due  to  development  and  regulations,  new 
experimentation  must  continue  to  ensure  thet  blister  resistance  Is  maintained 
In  new  boats. 

This  report  discusses  tha  research  conducted  st  the  University  of  Rhode  Island 
for  the  American  Boat  Builders  and  Repairers  Association  under  the  direction  of 
Mr.  Thomas  Hale.  The  work  was  funded  by  the  United  States  Coast  Guard  and  was 
monitored  by  Mr.  Donald  Ellison  of  the  Office  of  Boating  Safety.  The  research 
was  conducted  from  September  1986  to  August  1988. 

2.  Thc_Cflu.«g._flnd  .Kature.  of  Boat  Hull  Blisters 

There  are  a  number  of  types  of  blisters  that  can  occur  in  FRP  boats.  These 
include  osmotic  blisters,  gas  blisters,  paint  blisters  and  catalyst  blisters. 
In  this  research,  we  era  concerned  with  osmotic  blisters. 

Three  conditions  are  required  for  the  formation  of  osmotic  blisters- -water, 
water  soluble  material  and  a  aemi -permeable  membrane.  Even  in  well  mixed  and 
well  made  composite# ,  blisters  may  occur  through  the  following  sequence  of 
events.  All  polymers  can  hold  within  their  structure  a  certain  number  of  water 
molecules.  Polyesters,  the  most  common  polymer  matrix  for  fiber  glass  boats, 
typically  can  hold  0.6  to  2  weight  percent  of  water  et  saturation,  i.e.  the  point 
at  which  all  water  sites  are  filled.  If  a  piece  of  dry  new  polyester  is  placed 


in  vater,  the  vater  molecules  will,  by  Juaping  froa  sit*  to  sit*  (diffusion), 
•nt*r  th*  structure ,  This  will  continue  until  *11  water  sites  are  full  end  this 
will  tele*  a  considerable  cine .  The  aeterlal  is  now  saturated.  Th*  tin* 
necessary  for  saturation  depends  on  tenperatura,  the  exact  typa  and  curing 
schedule  of  the  polyester  end  the  type  and  amount  of  glass  and  filler  in  th* 
polymer.  Th*  section  on  water  diffusion  profiles  in  this  report  shows  how  and 
when  saturation  is  reached  at  each  point  in  a  boat  hull.  Th*  surface  In  contact 
with  water  saturates  first. 

As  saturation  is  approached,  clusters  of  water  molecules  fora  tiny  water 
droplets.  There  era  micro- stresses  within  the  polymer  caused  by  polymerization 
shrinkage  (the  process  thst  converts  the  liquid  resin  to  a  solid  polymer)  and 

by  slight  swelling  of  th*  polymer  as  the  water  sites  fill.  These  stresses  act 

\ 

c  oV.  the  water  clusters  to  change  their  shape  froa  round  droplets  to  disk  shaped 
clusters  (see  section  five).  At  this  point,  no  damage  of  any  kind  has  taken 
place . 

For  blistering  to  occur,  these  water  clusters  must  dissolve  something  froa 
the  polymer  chains  or  dissolve  a  water  soluble  component  that  is  inside  th* 
polymer  that  may  have  been  incorporated  during  the  manufacture  of  the  boat  hull. 
Vater  soluble  species  are  discussed  in  sections  three  and  four  of  this  report. 
The  harmless  water  cluster,  which  can  only  form  at  saturation,  has  now  become 
a  solution. 

One  of  the  basic  lavs  of  chemical  equilibrium  requires  that  two  solutions, 
separated  by  a  permeable  membrane,  will  try  to  reach  the  same  concentration. 
The  cluster  solution  is  more  concentrated  than  the  outside  solution  (sea  water 
or  lake  water).  To  become  equal  in  concentration,  the  internal  droplet  will  draw 
in  vater  through  the  polymer  from  the  outside  vater.  This  will  cause  the  cluster 
to  grov  into  a  droplet  and  as  it  does,  it  vill  exert  a  swelling  or  osmotic  stress 
on  the  surrounding  polymer.  This  force  will  grow  until  it  it  great  enough  to 
crack  the  polyester.  Since  the  cluster  was  already  in  a  disk  shape  the  cracking 
will  take  the  form  of  a  solution  filled  disk-shaped  crack.  These  internal  disk 
cracks  (or  penny-shaped  cracks)  are  the  beginning  of  a  blister.  The  crack  will 
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c imi  growing  when  the  internal  swelling  ox  osmotic  pressure  is  relieved. 
However,  the  increased  amount  of  solution  can  now  react  with  sore  polymer  or 
water  soluble  constituent  in  the  water  because  of  the  increased  surface  area 
between  the  polymer  and  the  solution.  The  reaction  increases  the  concentration 
of  the  solution,  which  In  turn  causes  aore  water  to  enter  the  disk  crack.  This 
causes  a  new  pressure  build-up  in  the  disk  crack  ‘and  eventually  sore  cracking. 

The  pressure  in  the  growing  disk  crack  eventually  causes  solution  filled 
eracks  to  open  which  ere  froa  1/4*  to  1*  or  2*  in  diameter.  As  these  large 
cracks  open  in  the  hull  they  follow  the  path  of  least  resistance.  Since  the 
reinforcing  fiberglass  in  tha  hull  lies  parallel  to  the  surface,  the  crack  will 
open  between  the  layers  of  fiberglass  and  grow  froa  tha  nucleating  disk  crack 
outward,  parallel  to  the  gel  coat  surface.  If  the  growing  circular  crack  filled 
with  pressurised  solution  is  near  the  surface,  the  overlying  gel  coat  and  resin 
will  bulge  outward  forming  the  typical  surface  blisters  seen  on  boats.  Sonatinas 
the  pressure  is  greet  enough  so  that  the  overlying  cap  breaks  open.  If  a  boat 
is  removed  froa  the  water  end  e  blister  is  punctured,  e  stream  of  acidic  smelling 
solution  can  squirt  aany  feet. 

As  water  saturation  progresses  deepsr  into  the  hull,  the  above  mechanism  will 
take  piece  at  deeper  levels.  Vhe-.i  the  creeks  begin  to  open  at  e  deep  level, 
particularly  in  heavily  reinforced  woven  roving  zones,  the  laminate  is  eo 
resistant  to  bulging  that  the  solution  pressure  can  only  be  relieved  by  forming 
deep  osmotic  cracks  that  can  lead  to  delamination  of  the  hull.  Section  6 
discusses  this  type  of  damage. 

On  reflection,  it  becomes  obvious  that  the  blistering  process  can  be  stopped 
at  several  junctures.  Water  cannot  be  kept  out  of  the  hull  (except  by  metal 
cladding) ,  but  the  water  level  can  be  kept  below  saturation  by  good  maintenance 
end  by  keeping  the  bilge  aide  reasonably  dry.  In  section  nine,  water  diffusion 
profiles  are  discussed  end  the  importance  of  bilge  side  water  pick-up  is 
emphasized.  A  second  method  for  preventing  blister  formation  is  to  eliminate 
or  minimize  the  water  soluble  components  in  ths  resin  end  on  the  glass.  Much 
has  been  made  of  the  greater  hydrolytic  stability  of  isophthallc  resins  as 
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compared  to  orthophthalic  resins,  but  the  added  water  resistance  of  the  resin 
itself  is  meaningless  if  other  wster  soluble  components  ere  introduced  during 
production.  The  finel  method,  which  is  leest  practical,  would  involve  the 
development  of  e  polymer  which  would  be  eo  strong  that  it  could  resist  osmetic 
cracking  even  in  the  presence  of  cluster  solutions. 

* 

If  s  hull  blitters,  it  should  be  repaired  before  the  daasge  becomes  deep  end 
structural.  The  second  part  of  this  report  describes  experiments  and  makes 
recommendations,  for  the  repair  of  blistered  boat  hulls.  A  shorter  version  of 
this  report  which  contains  only  the  repair  recommendations  is  available  from  the 
American  Boat  Builders  and  Repairers  Association,  715  Boylston  St.,  Boston,  HA 
02116. 


3.  HfttcE  SsIuMm...-- . Mr.., Inhibit!  ?n . Ssadldi 

Since  veter  soluble  materials  In  the  resin  are  necessary  for  blister  formation 
and  since  air  inhibition  will  create  a  water  soluble  component,  several 
experiments  were  conducted  to  determine  ways  to  reduce  this  effect.  An  air 
inhibition  layer  is  a  sticky  tacky  layer  that  forms  on  a  gel  coat  surface ,  during 
cure,  when  exposed  to  air.  This  layer  la  water  soluble.  it  forms  by  the 
reaction  of  oxygen  with  airy  free  radical  in  the  system.  It  is  usually  caused 
by  the  reaction  with  styrene. 

A  set  of  samples  vss  constructed  and  tested  to  help  evaluate  the  effect  the 
air  Inhibition  layer  has  on  blistering.  The  study  focused  on  the  method  of 
elimination  of  the  layer  as  well  as  and  method  of  removal  of  the  sir  Inhibition 
layer . 

Seven  different  procedures  were  tested.  These  were: 

1.  Vax  paper  was  placed  over  the  gel  coat.  In  the  vet  state,  right  after 

draw  down  and  removed  just  prior  to  laminating. 
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2.  Various  type*  of  peel  ply  vtr*  placed  over  the  gal  coat,  in  tha  wet  atata, 

aft ar  draw  down  and  removed  just  prior  to  laainating. 

Tha  type#  of  paal  ply  tastad  vara; 

a)  Plastic 

b)  Coarsa  nylon  cloth 

e>  Fin*  nylon  cloth 

d)  Coarsa  polysstar  cloth 

3.  The  air  inhibition  layer  vaa  washad  off  with  acetone  and  tha  gal  coat 

vaa  dr  lad  for  ona  hour  before  laminating. 

4.  Tha  air  inhibition  layer  was  washad  off  with  atyrene  and  tha  gal  coat 

vaa  dried  for  one  ho-ur. 

5.  Tha  air  inhibition  layer  was  sanded  off  prior  to  laminating. 

6.  Tha  air  Inhibition  layer  was  removed  with  a  scraper  prior  to  laminating 

7.  The  air  inhibition  layer  was  not  removed. 

All  laminates  were  constructed  by  drawing  down  a  20  mil  gel  .coat  onto  a  12* 
X  12*  waxed  glass  sold.  Orthophthalie  Acid/Neopentyl  glycol  based  gel  coat  was 
used  in  the  R,  BA.  KB  and  BO  aeries.  Isophthallc  acid/Neo pentyl  glycol  based 
S«1  coat  was  used  in  series  RC.  Two  to  2.5%  MEKP  was  used  for  curing.  Tha 
samples  were  divided  Into  four  or  five  sections  end  one  of  the  procedures,  listed 
above,  wes  performed  on  each  section  of  tha  laminate.  The  glass  reinforcement 
and  laminating  resin  ware  then  rolled  on.  Four  layers  of  glass  reinforcement 
were  used;  one  layer  of  veil  mat  and  three  layers  of  woven  roving.  Orthophthalie 
acid  based  laainating  resins  were  used  in  the  R,  RA,  RB  and  RD  series  and 
isophthallc  add  baaed  resin  in  series  RC.  Two  percent  MEKP  was  used  in  all 
cases.  The  samples  were  allowed  to  cure  approximately  two  weeks  and  until 
constant  Btrcol  hardness  readings  vert  obtained  for  the  front  and  backside  of 
the  laminate.  All  camples  were  tested  at  65*C  by  single  sided  exposure.  The 
samples  were  checked  periodically  for  blister  initiation  time  and  saverity. 
Results  are  given  in  Table  1. 

From  this  study  it  wat  found  that  placing  a  sheet  of  wax  paper  on  top  of  a 
wet  gel  coat,  once  drawn  down,  prevents  the  air  inhibition  layer  from  forming. 
The  gel  coat  surface  was  hard  and  not  sticky.  Samples  prepared  using  this 
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procedure  performed  test.  Generally,  few  large  blisters,  as  well  tt  coat  smaller 
ontt  ,  formed  end  th«  gal  cott  vac  only  slightly  discolored. 

Use  of  the  wax  paper  is  the  Kb  series  did  sot  perform  ss  veil  as  it  did  in 
the  &  end  XA  series.  However ,  It  still  performed  tetter  then  any  of  the  other 
procedures  In  that  series.  The  reason  for  this  is  that  the  wax  paper  vas  placed 
one  hour  after  draw  down  of  the  gel  coat.  A  slgnif leant  amount  of  air  inhibition 
formed  within  an  hour. 

Removal  of  the  eir  inhibition  layer  with  acetone  appeared  to  be  the  second 
test  procedure.  Blisters  tended  to  be  concentrated  in  regions.  These  regions 
could  have  teen  areas  where  the  air  inhibition  layer  was  not  completely  removed 
and/or  where  the  acetone  did  not  dry  thoroughly.  Again,  only  in  the  Kb  series 
did  this  procedure  not  work  as  well.  Nineteen  hours  elapsed  before  the  eir 
Inhibition  layer  was  washed  with  acetone.  All  the  samples  were  discolored 
slightly  in  smell  regions.  It  is  assumed  that  the  eir  inhibition  layer  was  not 
removed  from  these  zones. 

There  are  two  possible  reasons  why  the  eir  inhibition  layer  caused 
discoloration  of  the  gel  coat.  Cobelt,  froa  the  promoter.  Is  believed  to  cause 
the  purple -blue  color.  It  may  be  concentrated  in  the  sir  Inhibition  layer  or 
the  eir  inhibition  layer  provides  a  path  for  cobelt  to  leech  out  of  the  laminate. 

The  third  best  procedure  va*  removal  by  scraping.  This  was  an  extremely 
difficult  task.  The  gel  coat  was  extremely  uneven  which  made  it  herd  to  remove 
materiel  in  between  ridges.  Generally,  small  but  very  numerous  blisters  formed. 

A  severe  purple-blue  discoloration  appeared  in  streaka  in  the  gal  coat .  It 
seamed  to  follow  the  pattern  of  the  ridges.  Again,  the  eir  inhibition  layer  is 
assumed  responsible  for  the  discoloration. 

Second  worst  was  no  treatment  at  ell.  Both  large  end  smell  blisters  formed 
over  the  entire  surface.  All  samples  were  severely  and  uniformly  discolored. 
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Finally,  trading  the  air  inhibition  layer  produced  eh«  worst  results.  The 
ratira  turf  tea  was  covered  with  stall  blisters.  Tha  layar  it  vary  tacky  rad 
there  fora  wary  difficult  to  sand.  At  a  result,  this  material  gata  concantratad 
in  erase  and  probably  imbedded  into  tha  gal  coat  from  the  force  of  tending.  Tfaia 
gives  localised  const  of  concentrated  water  soluble  materiel  that  act  as 
initiation  sites  for  osmotic  blistering.  Severe  discoloration  occurred  in 
streaks,  again,  because  it  was  difficult  to  sand  tha  layer  between  tha  ridges 
of  tha  gel  coat. 

Washing  the  air  inhibition  layer  off  with  styrene  did  not  improve  blister 
resistance.  It  performed  slightly  worse  than  the  saaple  with  no  treatment. 

Of  ail  peel  plies  tested,  plastic  sheet  gave  the  second  beat  results.  The 
problem  with  plastic  is  that  it  pulls  the  gel  coat  away  form  the  mold.  This 
results  in  zones  where  there  is  no  gal  coat  to  areas  of  extremely  thick  gel 
coat.  Blisters  obviously  occur  first  and  worst  in  the  thin  areas.  The  best 
results  were  obtained  with  coarse  nylon  cloth  peel  ply,  third  with  coarse 
polyester  cloth,  fourth  with  fine  nylon  cloth  and  the  worst  blistering  occurred 
with  no  treatment  at  all. 

Except  for  plastic  peal  ply,  all  the  cloth  peel  plies  are  pervious  to  air. 
Any  air  that  reaches  the  surface  will  fora  air  inhibition  material.  It  era  only 
be  removed  by  the  "peeling*  action  on  removal.  Very  little,  to  hardly  any, 
material  was  found  on  the  removed  cloths. 

The  following  conclusion*  can  be  drawn  fora  this  study: 

1.  Wax  paper,  placed  over  the  wet  gel  coat,  prevents  sir  inhibition. 

2.  Some  sort  of  peel  ply  is  better  than  no  treatment  at  all. 

3.  Removing  the  air  inhibition  layer  with  acetone  gave  mixed  results. 

4.  Scraping  the  air  inhibition  layer  off  helps  only  slightly. 

5.  Removal  of  the  air  inhibition  layer  by  sanding  gives  the  worst 

results. 
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6.  The  air  inhibition  layer  is  partially  responsible  for  the  purple-blue 
discoloration  of  the  gel  coat  after  exposure  to  hot  water. 

7.  The  air  inhibition  layer  causes  smaller  and  aore  numerous  blisters. 

8.  If  the  air  inhibition  layer  is  not  rewaved  with  care,  a  significant  amount 
of  good  gel  coat  can  be  removed.  Any  reduction  in  the  gel  coat  thickness 
will  lead  to  faster  blister  initiation. 

a 

9.  Reduction  of  air  inhibition  will  not  prevent  deeper  blisters. 

10.  Air  inhibition  esn  be  eliminated  by  continuous  lay-up. 

A  series  of  samples  were  aada  using  an  ISO-NPG  white  gel  coat  material  and 
an  ISO  laminating  raein  with  a  silica  thlxotropa.  The  gel  coat  thickness  was 
24  nils.  No  glass  reinforcement  was  added  to  the  temple.  Two  layers  of  rosin 
were  added  18  hre.  start.  Each  layer  was  sixty  mils  thick.  The  samples  wars 
immersed  in  65*C  water  for  one  year.  At  the  end  of  that  period,  the  sample  had 
bowed  with  the  gel  coat  convex,  but  no  blisters  were  found.  When  the  same  gel 
ccat  and  laminating  resin  was  used  to  make  laminates  with  veil  met  end  woven 
roving,  blisters  were  observed  it*  every  case  in  lesa  than  one  month. 

Microscopic  examination  of  cross-sections  showed  no  blistering.  An  X-layer 
was  located  between  the  two  laminate  layers.  The  cause  of  this  layer  la 
discussed  in  detail  In  Section  3.  A  series  of  smell  disk  cracks  formed  In  the 
plasticized  zone  of  the  X-layer  but  did  not  spread  into  the  birefringent  zone 
of  the  X-leyer.  No  disk  cracks  were  located  in  other  areas  of  the  resin. 

The  absence  of  blisters  must  be  attributed  to  the  absence  of  glass  since 
the  same  resin  and  gel  coat  had  bean  used  in  making  glass  reinforced  composites 
which  did  blister.  Some  glass  binders  must  introduce  water  solubles  which  begin 
the  disk  cracking  and  osmosis  which  leads  to  blistering.  These  materials  axe 
subject  to  totally  different  stress  conditions  than  a  sample  with  glass.  This 
could  play  a  role  in  blister  initiation.  Furthermore,  the  lack  of  glass,  which 
is  an  effective  heat  sink,  may  have  allowed  the  exothermic  heating  of  the  resin 
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in  tii*  git**  ft**  samples  to  reach  *  higher  cure  temperature  than  *  gift** 
containing  composite.  Further  experimentation  oust  be  conducted  on  this 
important  finding. 

On*  ftdditionsl  observation  regarding  the  disk  cracks  at  the  X- layer  is 
iaportant.  Zn  the  resin,  around  the  disk  cracks,  there  was  a  depletion  of  silica 
filler.  The  concentration  change  seeaa  to  be  related  to  convective  flow  in  the 
resin  layer.  The  observation  proves  that  silica  thixotrope  has  a  strengthening 
effect  on  the  polyester  resin. 

It  should  b#  emphasized  at  this  point  that  other  glass  free  coaposltes  have 
exhibited  blisters  because  of  something  present  in  the  resin  Itself.  V*  have 
reported  blistering  when  sorbitol  is  added  to  the  resin.  Pritchard  has  reported 
on  the  role  of  excess  glycol  in  the  resin  in  promoting  blisters.  Of  the 
commercially  available  resins,  the  isophthalic  resins,  without  additives  or  a 
water  soluble  glass  coating,  ara  more  resistant  to  blistering  than  orthophtalics 
and  are  mors  resistant  than  the  vinyl  ester  tested. 

Glass  can  causa  blistarlng  either  because  the  glass  fibers  are  water  soluble 
or  a  coating  added  to  the  glass  is  water  soluble.  Almost  all  glass  ussd  in  the 
United  States  is  E*glass  or  some  other  corrosion  resistant  glass.  The 
experiments  conducted  on  glass  fibers  suggest  the  glass  itself  is  not  a  problem. 
This  suggests  that  the  coatings  on  glass  can  be  a  cause  of  blistering. 

There  ere  four  reasons  why  a  costing  is  applied  to  gless  fibers.  A  sizing 
is  sprayed  onto  glass  fibers  es  they  are  formed  to  protect  the  surface.  Added 
to  this  size  or  applied  later,  a  lubricant  may  be  added  to  protect  fibers  as  they 
ere  woven  into  fabrics  or  mats.  The  addition  of  a  coupling  agent  to  form  a  bond 
between  the  glees  fibers  end  the  polyester  laminating  resin  is  critical  to  the 
strength  and  performance  of  a  composite.  Finally,  to  stabilize  e  mat  or  woven 
structure,  e  binder  must  be  applied.  If  any  of  these  components  or  their 
carriers  are  water  soluble  end  ere  allowed  to  remain  rn  tha  flbar  during 
lamination,  they  will  contribute  to  or  cause  blistering. 
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The  uit  resins- -ORTHO,  ISO,  or  vinyl  can  yield  a  blister -free  composite 
When  used  with  one  glees  fiber  formulation  and  give  a  severely  blistered 
composite  when  used  with  another  glass.  Rockett, Rose  Florio .Choioiere  and 
Trottier.'The  Causes  of  Blistering  in  Boat  Building  Materials* .  Final  Report; 
subnit  ted  to  TJ.S.  Coast  Guard.  Conversely,  as  discussed  above,  those  seas  resins 
without  glass  can  show  blistering  if  other  water  soluble  cosponents  are  present. 

a 

One  set  of  staples  was  constructed  to  study  the  effects  of  glees  binder  and 
coupling  agent  on  blistering.  The  "clean*  glass  (no  binder  or  coupling  agent) 
was  donated  by  a  coapany.  A  set  of  saaples  was  constructed  using  cleer  1S0/NPG 
gel  eoet  end  ISO  laalneting  resin.  Four  plies  of  this  gless  were  used.  The 
saaples  were  inserted  in  e  65  C  distilled  water  bath. 

Following  approximately  one  year  of  iaaeralon,  no  blietere  wero  evident  on 
the  sample.  Only  e  few  tiny  blisters  had  formed  as  a  result  of  the  gless 
debonding  from  the  resin  directly  beneath  the  gel  coat.  These  samples  wers 
cross -sectioned  and  examined  under  a  light  microscope.  A  photomicrograph  of  a 
cross-section  is  shown  in  figure  1.  The  greenish  discoloration  in  the  glass 
fibers  appears  to  be  a  light  absorption  sffeet.  Mo  disk  cracks  were  found  in 
the  sample.  The  only  sign  of  water  damage  was  severe  debonding  of  the  gless  from 
resin. 

The  reason  sample  did  not  disk  crack  or  blister  may  be  attributed  to  the 
absence  of  binder  or  coupling  agent.  Mo  corrosion  of  ths  glass  fibers  was 
evident.  Previous  work,  conducted  on  several  panels,  constructed  with  chopper 
gun  roving,  shoved  severe  blistering.  This  suggests  that  chopper  gun  roving  have 
been  a  aourcas  of  watar  soluble  material.  Microscopic  observations  indicated 
that  there  Is  a  substantial  amount  of  binder  hold  ng  the  fibers  together. 
Burnout  tests  on  various  glass  fibers  show  they  can  contain  as  much  as  6.5  % 
binder.  It  le  believed  that  the  binder  may  be  FVA  (polyvinyl  acetate)  which  is 
water  soluble. 

To  determine  the  materiel  that  could  be  leeched  from  a  gless  surface,  weighed 
etrends  of  gless  roving  were  pieced  in  purified  water  at  65*C  for  18  months. 
The  pH  of  the  eolutlon  was  followed  end  it  dropped  from  7  to  6.6.  If  the  leeched 
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Figure  1.  Photomicrograph  of  Composite  with  ISO/NPG  Gel  Coat  and  Iso 
Laminating  Resin  and  Reinforced  with  ’’clean"  Glass, 

Following  Exposure  to  65  C  Water  for  One  Year. 


material  had  been  polyvinyl  acetate  (PVA) ,  a  commonly  used  emulsion  binder  for 
glass,  the  pH  should  approach  3.  The  fact  chat  it  stayed  so  high  suggests  that 
either  no  PVA  was  used  or  as  it  leached  off  the  glass,  soae  basic  component  from 
the  glass  also  went  into  the  water,  thus  off* setting  the  acid  affect.  The 
solution  has  a  strong  glycol  odor.  To  determine  the  exact  nature  of  the  solution 
suuss  spectroscopy  gas  chromatography  and  atomic  absorption  testa  were  conducted. 
Hass  spectroscopy >gas  chromatography  results  showed  six  peaks.  Water  gave  the 
strongest  peek.  The  organics  found,  listed  in  decreasing  order  of  amount,  were 
phenol,  acetone,  acetophenone  end  in  trace  amounts,  cumene  end  2 -phenol  -  2- 
propanol. 

These  constituents  must  be  coming  from  the  glass  binder,  the  coupling  agent 
or  the  rubber  stopper  that  sealed  the  flask  containing  the  Immersed  fibers. 
These  materials  could  not  have  come  from  the  decomposition  of  PVA  in  water. 
Phenyl  groups,  because  of  their  size,  ere  extremely  unlikely  to  be  found  in  glass 
coupling  sgent  compounds.  The  strong  glycol  odor  can  be  attributed  to  phenol. 

Atomic  absorption  gave  the  following  results: 

Ca2*  -  135  ppm 

K*  -  394  ppm 

Na*  -  76  ppm 

Al3*  -  less  than  lppm 

Si**  -  33.6  ppm 

Ion  leeching  is  common  for  some  types  of  fiberglass.  Leaching  is  caused  by 
hydrogen  ions,  in  the  water,  exchanging  with  metal  ions  in  the  interstitial  sites 
of  the  glass  network.  Sodium  ion  leaching  is  most  common.  This  leads  to  the 
corrosion  or  break  down  of  the  glass  network.  This  will  appear  as  a  gel  like 
phase  on  the  glass  surface.  The  layer  is  anywhere  form  10*100  angstroms  thick 
end  would  be  below  the  range  of  visible  microscopy.  Examinations  of  these  fibers 
after  6  and  18  months,  at  600X  and  lOOOx,  showed  no  evidence  of  such  a  layer. 

The  atomic  absorption  results  show  that  the  leachants  are  in  relatively  low 
concentrations.  Little  breakdown  of  the  glass  network  took  place.  Because  the 
sodium  ion  concentration  is  so  low,  this  must  be  an  extremely  low  sodium  glass. 


The  most  predominant  leachanta  are  calcium  and  potassium  Iona.  If  th*  glass  is 
assumed  to  contain  a  reasonable  amount  of  calcium  oxide  (10  per  cent),  then  for 
the  weight  of  glass  fibers  and  water  used,  if  all  the  calcium  leached  out,  the 
solution  would  contain  approximately  2400  ppm  of  calcium  ions.  The  calcium  ion 
concentration  found,  of  135  ppm,  is  5.6  %  of  the  estimated  total  present.  This 
is  a  substantial  amount.  Some  corrosion  of  the  glass  fibers  should  have  been 
seen. 

Breakdown  of  polyester  is  known  to  happen  both  in  an  acidic  and  a  basic 
environment.  Beslc  etteck  is  more  eevere  than  acid  attack.  One  possible 
sequence  of  events  leading  to  glass ‘associated  blisters  would  involve  absorption 
of  weter  at  the  glass 'retin  interface,  followed  by  the  formation  of  micro*cracks, 
due  to  swelling  from  weter  absorption.  The  weter  leeches  metal  Ions  hence 
c  'firming  a  basic  solution.  This  basic  solution  breaks  down  tha  adjacent  polyester 
causing  a  solution  concentration  change.  Zn  addition,  some  of  the  organics  found 
are  water  soluble  end  would  ba  found  concentrated  around  the  glass  fibers.  Both 
these  factors  could  cause  osmotic  pressure  to  build  and  blisters  to  result. 

Additional  work  must  be  done  on  the  role  of  glass  and  other  reinforcement 
fibers  in  the  blistering  of  polyester  composites. 


-•  Swelling  Stresses  produced  bv  Diffusion 

Implanted  strain  gauges  were  used  to  determine  swelling  stresses  produced 
by  water  diffusion. 

Strain  gauges  were  implanted  in  three  different  composites.  The  first  was 
constructed  with  both  an  orthophthalic  acid  based  laminating  resin  snd  gel  coat 
(ORTHO/ORTHO).  The  second  was  constructed  with  both  an  isophchslic  acid  based 
gel  coat  and  laminating  resin  (ISO/ISO).  The  third  was  constructed  with  an 
isophthallc  acid  based  gel  coat  end  orthophthalic  acid  based  laminating  resin 
(ISO/ORTHO) . 
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Gauge*  were  implanted  *t  four  differ *nt  depth*  into  the  laminate ;  Gauge  #1  - 
la  the  gel  coat,  gauge  #2  *  between  the  gel  coat  and  veil  net,  gauge  #3  -  between 
the  veil  sat  and  first  layer  of  roving,  gauge  #4  -  between  the  first  two  layers 
of  roving. 

dll  samples  were  placed  in  a  65 *C  water  bath,  for  single  sided  exposure. 
Stress  date  was  taken  daily  and  aasples  were  checked  periodically  for  blister 
Initiation  and  severity.  Results  obtained  ere  given  in  figures  2  and  3  and  show 
stress  vs  tins  va  depth  date. 

Froa  the  results  it  can  be  seen  that  the  stress  level  remains  fairly  constant 
initially.  After  a  period  of  time,  depending  on  the  depth  of  the  strain  gauge, 
stress  or  tension  appears  to  inerssse  until  the  reading  goes  off  scale  or  begins 
to  fluctuate  erratically. 

The  smoothly  varying  portion  of  the  data  reflects  the  feet  that  as  water  is 
being  absorbed  into  the  polymer  it  swells.  Strain  gauges  measure  electricel 
resistance,  which  is  proportional  to  the  amount  of  stretching  or  compressing  of 
the  gauge.  By  implanting  gauges  at  various  depths  Into  the  laminate,  the  depth 
of  penetration  of  the  diffusing  water  front  can  be  determined  by  assessing  the 
time  at  which  an  abrupt  rise  in  stress  begins.  As  the  water  front  approaches 
the  gauge,  the  gauge  goes  into  tension.  The  data  clearly  shows  that  gauge  #1 
expends  first  end  the  other  gauges,  farther  back,  follow  a  similar  trend  with 
a  time  delay.  Gauge  #4,  farthest  beck,  sees  little  or  no  effect  from  water  for 
the  time  of  experimentation. 

After  a  certain  point  the  data  will  usually  begin  to  fluctuate  erratically. 
At  this  point  it  is  believed  that  the  data  is  no  longer  reflective  of  the  true 
stresses  inside  the  laminate.  It  is  believed  that  these  fluctuations  can  be 
attributed  to  water  molecules  condensing  onto  chs  strain  gauge  or  the  gauge 
debonding  from  the  polyester  matrix.  Also,  after  prolonged  exposure  to  water, 
the  polymer  file,  that  encapsulates  the  strain  gauge,  begins  to  peal  apart. 
Occasionally  the  polymer  will  be  subject  to  greeter  then  a  five  percent  strain. 
Once  the  gauge  sees  a  five  percent  strain  it  becomes  useless  sines  this  is  the 
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stresses  due  to  water  immersion 

ortho/ ortho  laminate  (65°c) 


gage  4- 


limit  of  tha  strain  gauges  used. 


For  thesa  r  a  aeons  it  Is  felt  that  the  strain  gauges  arc  »ost  useful  In 
assessing  tha  strassas  produced  as  a  result  of  tha  diffusing  water  front.  Once 
the  polyaer  nears  saturation  readings  bacons  unreliable. 

* 

So  direct  relationship  was  established  between  the  onset  of  blistering  end 
stress  levels.  Sons  of  the  date  seen*  to  suggest  that  blisters  ere  initiated 
once  the  stress  level  difference  between  the  gel  coat  and  the  veil  zona  beeoaes 
appreciable.  Further  work  is  still  nsedsd  in  this  area. 
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Ho  conclusion*  were  drawn  on  ths  differences  in  tbs  stress  levels  produced 
•a ong  the  different  composites  tsstsd.  Preliminary  results  sees  to  Indicate 
thst  increased  stress  levels  occur  sooner  in  the  1S0/0R7H0  compos ita  than  in  the 
samples  made  of  like  gel  cost  and  laminating  resin. 

The  data  does  reinforce  our  belief  thst  stress  plays  e  key  role  in  blister 
initiation.  Figure  three  shows  that  on  swelling,  the  gel  coat  hss  expended  by 
40,000  aicro  inches  per  inch  or  four  percent.  Thst  seen*  that  if  a  gel  coat  was 
free  to  expend,  below  the  veter  line,  the  gel  coet  on  e  25  foot  host  would 
elongate  by  12  inches.  Constraining  forcss  prevent  free  expansions.  Stresses, 
.therefore,  build-up,  especially  near  ths  water  line. 

*  % 

s 

These  stresses  proceed  the  water  front.  When  the  area  saturates  with  water, 
the  clusters  of  water  molecules  align  in  disk  shaped  units  perpendicular  to  the 
maximum  stress  direction.  These  veter  clusters  condense  to  fora  disk  cracks 
which  contain  water.  Extraction  of  water  soluble  molecules  from  the  surrounding 
resin  produce  acidic  solutions  more  concentrated  than  the  outside  water.  This 
begins  osmosis  which  produces  blisters. 


6.  Long  ItPR.  Paipagt  by  w&ttr -Afr&PXgUgn 

In  spite  of  the  improved  understanding  of  blistering  developed  in  recent 
years  a  basic  question  remained.  Is  blistering  and  water  absorption  only  a 
cosmetic  and  aurficial  problem  or  does  deep  seated  damage  occur  after  prolonged 
water  exposure?  The  following  experiments  were  conducted  to  obtain  information 
on  this  important  question. 

Samples,  which  were  immersed  in  water  at  65*C  for  over  a  year  vere  cross- 
sectioned  and  examined  under  the  light  microscope  and  with  the  scanning  electron 
microscope  to  determine  the  types  of  internal  damage  which  could  load  to  strength 
deterioration  which  is  reported  in  the  following  section.  Four  types  of  long 
term  damage  were  observed.  These  include  "deep  blisters",  polymer  degradation, 
extensive  disk  cracking  and  debonding  of  glass  from  resin.  Almost  every  sample 
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showed  thm  type  of  blisters  which  fora  just  below  the  gel  coat  in  the  veil  met 
region.  As  osmotic  pressure  develops  la  this  region  the  gel  coat  begins  to 
defora.  This  produces  the  surface  bumps  known  as  blisters.  In  65  C  water,  these 
fora  on  orthophthalic  or  isophthallc  type  composites  after  100  to  1000  hours. 
The  amount  of  tine  is  governed  by  factors  such  as  the  thickness  of  the  gel  coat, 
the  presence  of  sn  sir  Inhibition  leyer  on  the  itjnar  gel  eoat  surface,  the  typo 
of  glass  binder  used,  etc.  After  a  year  of  Immersion,  these  meet  surface 
blisters  sre  larger  and  more  abundant.  So®?  of  the  blisters  crack  open  to  fora 
a  craze  pattern  on  the  gel  cost  surface.  Single  long  blisters  sometimes  develop 
along  continuous  glass  strsnds. 

In  the  coBposites  exposed  for  long  periods ,  deeper  'blisters "  are  encountered 
below  the  veil  layer  and  Inside  the  woven  roving  zones  to  a  depth  of  1/4  Inch 
and  more.  Such  deep  seated  'blisters*  are  shown  in  figures  f^ur  and  five.  The 

<  Cr 

first  figure  la  a  scanning  electron  microscope  image.  Second  is  a  thin* section 
light  micrograph.  This  deep-seated  damage,  although  caused  by  Identical 
mechanisms  as  those  operative  In  near  surface  damage,  do  not  eppear  es  blisters 
on  the  gel  coat  surface  because  the  composite,  st  this  depth.  Is  r*  inf  creed  with 
glass  and  cannot  bulge  outward .  gather,  the  osmotic  pressure  forces  the 
composite  to  separate  and  an  internal  crack  will  spread  parallel  to  the  gel  coat 
surface.  The  term,  "deep  osmotic  cracks"  will  be  used  to  refer  to  this  type  of 
damage.  The  ultimate  result  of  this  type  of  damage  will  be  delamination  of  the 
hull.  Deep  osmotic  .cracks  are  found,  after  a  year  at  65*0,  in  composites  made 
with  both  orthophthalic  and  isophthslic  laminating  resins. 

In  all  cases,  the  deap  osmotic  cracks  are  located  near  or  in  fiberglass 
strsnds  In  the  woven  roving.  -The  location  of  the  cracks,  at  these  positions, 
msy  be  due  to  one  of  the  following  four  reasons: 

1.  A  higher  concentration  of  water  soluble  material  is  associated  with  the 
glass  binder.  The  difficulty  with  accepting  this  explanation  Is  that  the 
binder  concentration  should  be  the  same  en  all  parts  of  ths  glass  strsnds. 
Hots  that  in  figura  four  an  osmotic  crack  did  not  form  near  the  top  most 
strand  in  the  composite  which  is  subjected  „c>  water  longer  than  the  strand 
where  cracking  did  take  place. 
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Figure  4.  Scanning  Electron  Micrograph  of  Daap  Osr.otic 

Crack  Within  ’Co von  Roving  Zona  of  the  Composite. 
I.’env  surface  gel  coat  blister  is  also  s'no v;n  in 
the  veil  net.  Mote  the  dish  cracks  around 
the  osr.otic  crack. 


Z\ 


2.  Tha  resin  is  weaker  or  mors  brittle  In  the  region  where  cracking  occur*. 
Slight  iahoaogenelties  in  catalyst  concentration  caused  by  poor  mixing 
could  explain  the  position. 

3 .  Vi  thin  each  layer  there  ere  inhoeogeneities  caused  by  the  non-wetting  of 
the  fiberglass  strand  by  the  lay-up  resin.  Figure  four  showa  clearly  that 
such  xones  exist.  Only  in  one  cese  did  an  osmotic  crack  appear  to  be 
associated  with  such  a  void. 

4.  Finally,  c.*vd  most  probably,  the  crack  location  is  controlled  by  swelling 
stresses  caused  by  the  savere  aisaatch  in  elastic  moduli  between  the 
unreinforced  zones  of  the  composite  and  the  tone  that  is  reinforced  with 
g-sss  strands. 

The  second  type  of  long  tors  damage  which  was  observed  after  one  year  or 
aore,  is  the  degradation  of  the  polymer  near  blisters.  On  blister  wells,  there 
is  evidence  that  tha  acidic  blister  fluid  is  degrading  the  polymer.  A  thin  zone 
of  chalky  cr  punky  material  is  formed  around  the  blister.  This  zona  appears  to 
be  only  a  few  microns  thick. 

A  third  type  of  long-term  damage  observed  is  extensive  disk  cracking 
throughout  the  laminate.  Examples  of  sxtenslve  disk  cracking  are  shown  in' 
figures  six  and  saven.  Figure  six  shows  «  micrograph  of  an  isophthalic  gel  coat 
and  resin  sample  produced  by  a  local  boat  manufacturer  tested  in  our  laboratory. 
The  sample  was  exposed  to  water  et  65*C  for  one  year  and  25*C  for  another  year. 
Figure  seven  shows  a  micrograph  of  a  sample  with  a  type  of  vinyl  ester  based  gel 
coat  and  orthophthelic  laminating  resin.  This  sample,  ss  well,  was  produced  by 
a  boat  manufacturer  and  was  tasted  in  the  laboratory.  It  was  axposad  to  water 
at  65*C  for  about  a  year.  Another  observation  shows  disk  cracking  below  veil 
mat  blisters.  Under  one  of  the  near  surface  blisters,  s  zone  of  numerous  stress 
produced  disk  cracks  was  observed.  The  zone  radiated  hemispherically  from  the 
bottom  of  the  blister.  The  cap  of  the  blister  had  cracked  allowing  water 
directly  into  the  blister  cavity.  This  has  a  major  affect  on  the  water  uptake 
of  the  resin  beneath  tha  blister 
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c  7.  Photomicrograph  Showing  Kxtensive  Disk  Cv;*.ck:r^  in  a  Composite 
Constructed  with  a  Type  cf  Vinyl  Vaster  Gel  Coat  ar.d  Ortho 
Laminating  Resm,  Lei  lowing  1*>.  pe.su  re  to  Water  at  65  C  tor 
Approximately  l  Year. 


Disk  crscks  fora  in  «  polymer  when  the  polymer  becomes  saturated  with  water. 
At  saturation,  diffusing  water  aoleeulea  tend  to  duster  in  spheres.  If  a  stress 
is  present,  these  spheres  becoae  disk  shaped  (1).  The  clusters  join  together 
to  initiate  disk  crscks.  These  disk  cracks ,  containing  water,  concSntrate  low 
molecular  weight  species.  This  solution  begins  the  osaotic  process  which  results 
in  blisters.  Disk  cracks  can  also  be  foraed  by  thermal  stresses.  Curing 
stresses  will  also  produce  disk  cracks.  If  an  inch  of  rasin  is  placed  in  a 
beaker,  catalyzed  and  allowed  to  cure,  diek  cracks  will  ba  saen  to  fora  after 
an  hour.  (REF.  :  S.B.  Lea  end  T.J.  Rockett,  Personal  Coaounlcation* ,  1988). 
The  morphology  of  those  dry  disk  cracks  is  identical  to  the  morphology  of  those 
disk  creeks  foraed  in  boat  hull  asterials  by  water  saturation. 

H  C 

c  Cr-  Disk  cracks  relieve  swelling  and  curing  stresses.  Once  these  stresses  are 
relieved,  the  crack  growth  stops  unless  acted  on  by  a  new  stress.  Osaotic 
pressure  is  one  such  stress  which  opens  disk  crscks  end  causes  blistering. 
Osmotic  pressure  is  the  pressure  difference  caused  by  chemical  concentration 
differences  between  two  solutions  which  are  separated  by  seal  •permeable 
membranes .  The  gel  coat  and  laainate,  between  the  disk  crack  and  the  solution 
(sea  water)  outside  the  gel  coat,  act  as  a  samt ‘permeable  membrane .  Water  can 
diffuse  into  the  F.R.P.,  but  the  larger  water  soluble  constituents,  in  the  disk 
crack  solution,  cannot  diffuse  out.  Chemical  equilibrium  demands  that  the 
chemical  potantlal  0»)  of  water  in  the  disk  crack  becomes  equal  to  that  in  the 
external  solution  (sea  water)  so  that  ths  following  relationship  is  fulfilled: 

(disk  crack)  •  (sea  watar)  (6.1) 

To  e  first  approximation,  equation  6.1  is  satisfied  when  the  internal 
concentration  of  water  within  the  disk  crack  equals  that  of  the  sea  water,  which 
is  approximately  3.2  weight  percent  salts  or  96.8  weight  percent  water. 

If  the  inner  solution  contains  this  much  wacer  or  more,  no  osmotic  pressure  la 
developed  and  no  crack  growth  is  observed.  The  disk  crack  solution  takes  up 
water  soluble  constituents,  if  they  are  present  in  the  polymer,  and  concentrates 
them,  reducing  the  percent  of  water  in  the  disk  crack.  Now  there  exists  r 
chemical  driving  force  to  drew  water  into  the  disk  crack.  Water  will  continue 
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to  enter  the  disk  crack  until  the  inner  osmotic  pressure,  *,  equals  the  confining 
pressure  around  the  growing  blister  or  until  the  internal  water  soluble 
constituents  ere  diluted  to  3.2  weight  percent.  The  force  of  the  osaotic 
pressure  is  given  by  the  relationship: 


(see  water) 


-  m. 

V 


(6.2) 


where  V  is  the  voluae  of  the  solution,  T  —  temperature ,  R  -  the  gas  constant 
end  X  -  the  total  nuaber  of  soles  of  ell  water  solubles  In  the  disk  crack 
solution.  Osaotic  pressures,  calculated  froa  equation  (6.2),  for  blister 
solutions  of  concentrations  sialler  to  those  found  In  blisters,  ere  approximately 
1,500  pal.  Propylene  glycol  was  assumed  to  be  the  sole  water  soluble  constituent 
for  these  calculation.  This  value  is  close  to  the  values  calculated  earlier. 
This  pressure  is  too  low  to  fracture  e  polyester.  The  tensile  strength  range 
of  polyesters  is  6,000  to  20,000  psi.  The  osmotic  pressure  developed,  however, 
la  not  too  low  to  propagate  e  crack  once  it  is  opened. 

A  stress  applied  to  e  material  is  signified  at  the  tip  of  any  crack  present 
in  the  materiel.  Inglis  found  the  relationship  to  be 


max 


(6.3) 


where  ^  is  the  stress  at  the  crack  tip,  o4  -  the  stress  applied  normal  to  the 
disk  crack,  a  -  half  the  major  axis  of  the  crack  end  p  -  the  radius  of  the  crack 
tip.  The  term  under  the  square  root  is  defined  as  the  stress  concentration 
factor,  K.  Examination  of  disk  cracks  show  that  K  can  easily  reach  20. 
Therefore,  if  the  applied  osaotic  stress  is  1500  psi,  then  the- stress  at  the  disk 
crack  will  be  31,500  pounds  per  square  inch  which  will  cause  the  disk  cracks  to 
grow. 


The  second  type  of  stress  which  may  cause  disk  cracks  to  grow  are  those 
stresses  produced  during  boat  use.  If  the  hull  polymer  has  a  strength  of  10,000 
psi  end  selling  stresses  of  500  psi,  this  would  be  sufficient  to  cause  disk  crack 
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growth.  Convergence  of  creek*  con  produce  internal  delaaination. 

Most  disk  crocks  are  found  just  benesth  the  gel  coat.  This  la  also  the 
location  of  aost  initial  blisters.  However,  after  prolonged  periods  of  tiae, 
as  the  water  ingresses  deeper  into  the  laainate,  disk  cracks  are  foraed  deeper 
within.  Also,  water  diffuaion  froa  the  hack  side  of  the  laainate  aust  be 
considered,  this  does  not  affect  blister  initiation  tiae  for  those  found  just 
beneath  the  gel  coat,  but  it  aay  affact  tha  onset  tiaes  of  daep  osmotic  blisters. 
An  example  of  e  seaple  containing  deep  oaaotic  blisters  la  shown  in  Figure  8. 
Some  simples  show  extensive  disk  cracking  on  tha  beck  side  of  the  laainate. 

Diffusion  of  water  through  the  backside  of  the  laainate  la  a  realistic  factor 
for  both  the  experimental  set-ups  used  in  this  study  and  for  boats.  In  the 
experimental  set-up  either  both  aides  of  the  sample  see  weter  or  only  the  front 
side  (single-sided  exposure).  On  one  sided  exposure  experlaents,  the  backside 
of  the  samples,  in  the  tanks,  see  100  percent  reletive  humidity  or  close  to  it. 
The  rate  of  diffusion  of  water  into  a  polymer  la  identical  in  liquid  water  and 
in  100  percent  relative  humidity.  For  boats  this  la  a  realistic  factor  as  well. 
The  bilge  of  a  boat,  during  use,  always  contains  some  water  and  the  humidity  is 
probably  close  to  100  percent. 

The  fourth  typa  of  long-term  daasge  observed  is  the  debonding  of  glass  fibers 
from  the  resin.  Figures  nine  and  ten  show  evidence  that  disk  cracks,  near  glass  ' 
fibers,  lead  to  the  debonding  of  glass  fibers  froa  polyester  resin.  This  is  most 
evident  in  the  heavily  reinforced  zones  of  the  composite. 

If  the  disk  creek  Is  near  a  bundle  of  gl...  fibers,  it  will  grow  towards 
the  fibers.  Once  a  load  is  applied  to  a  resin/glass  fiber  composite,  the  load 
Is  transferred  frou  the  glass  to  the  resin  or  vice-versa.  The  stress  is 
amplified  by  a  factor  inversely  proportional  to  the  radius  of  the  glass  fiber. 
Particularly  in  closely  spaced  glass  fibars,  this  forms  a  highly  strassed  zone 
at  the  polymer/glass  intarfaca.  The  stress  at  the  Interface  is  further  amplified 
becaus*  of  the  severe  mismatch  of  elastic  moduli  between  the  glass  and  the  resin. 
To  further  complicate  matters,  the  region  of  polyester  resin  between  the  glass 
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1 ‘-l:re  9.  Photomicrograph  of  Disk  Cracks  Near  Glass  Fibers  Lending  to 
ncbonclina.  ° 


r’**“  WKXomfaograp!,  of  Disk  Cracks  Near  Glass  Fibers  Leadin'.  to 
JJebonding.  ° 


fiber*  1*  already  stressed.  Shrinkage  on  cure  produces  tensile  stresses  in  the 
resin,  st  the  interface,  because  the  glass  fiber  is  restraining  the  resin  from 
shrinking  during  cure. 

The  disk  crack  will  grow  in  the  direction  which  is  weakest  and/or  eost  highly 
stressed,  which  in  this  case  would  be  towards  the  glass/resin  interface.  Since 
the  glesa/realn  interface  la  the  weakest  zone  in  the  composite  it  will  fail 
first.  This  leads  to  dsbonding.  The  crack  will  propagate  through  the  glass 
bundle  by  debonding  sore  glasa  fibers.  ■  This  sort  of  failure  leads  to  strength 
loss  of  the  composite  and  to  the  formation  of  deep  osmotic  cracks. 

Figure  11  shows  deep  osmotic  cracks  extending  from  one  glass  bundle  to 
another.  Such  s  crack  begins  In  one  glass  bundle  and  spreads  because  of  osmotic 
pressure  through  the  resin,  to  the  adjacent  glass  bundle. 

It  must  be  kept  in  mind  that  the  damage  observed  is  accelerated  by  the  65*C 
(15Q*F)  temperature.  If  only  the  rate  is  affected  by  the  temperature  increase , 
the  same  damage  would  be  produced  in  60*F  water  after  e  continuous  Immersion  of 
32  years.  However,  there  ere,  in  addition  to  temperature  change,  three  things 
that  are  different  in  boat  use.  Two  of  these  factors  make  our  test  less  severe 
and  one  makes  our  test  more  sev«re.  The  normal  flex  stresses  produced  by  boat 
use  exacerbate  the  damage.  There  are  no  fatigue  stresses  in  our  tests.  The 
second  factor  that  makes  our  test  less  severe  than  boating  conditions  is  that 
once  our  test  samples  are  placed  in  the  water  bath  the  samples  are  post-cured 
at  150*F.  Normal  boating  materials  are  usually  not  subjected  to  any  elevated 
temperature  post  cure.  Literature  references  show  post-curing  improves  resin 
properties.  The  factor  that  makes  the  65*C  <150*F)  tests  more  severe  than 
boating  conditions  is  the  saturation  value  of  water  in  the  resin.  While  resins 
at  60*F  can  take  in  less  thsn  1  percent  water  at  saturation  (approximately  0.8 
weight  percent),  they  can  take  up  about  1.3  percent  water  at  150*F.  This  mesns 
that  the  swelling  stresses  produced  will  be  about  30  percent  more  severe. 
Exactly  hov  these  factors  balance  out  is  not  known.  It  is  almost  certain  that 
the  32  year  figure  to  produce  similar  damage  i«  too  high. 
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At  «ny  rat* ,  the  data  clearly  show  that  with  continuous  immersion  and 
saturation  o£  hull  material,  these  polyester  resin  composites  have  a  finite 
life,  the  only  prevention  to  long  tens  damage  Is  to  keep  the  water  out  of  the 
composite  by  using  thicker  gel  coats,  adding  a  barrier  coat  and  replacing  theta 
barrier  coatings  every  year  or  two,  and  keeping  the  bilge  side  as  dry  as  possible 
to  prevent  inner  saturation. 

The  strengths  of  various  glass  reinforced  composites  were  evaluated  after 
prolonged  exposure  to  water.  When  a  sample  was  made  for  blister  evaluation,  a 
section  was  removed  and  held  at  room  temperature  while  the  remainder  was  exposed 
to  water.  Test  samples,  cut  to  the  following  dimensions:  4*  X  0.4"  X  0.2"  and 
a  1.0"  gauge  length,  were  allied  ao  that  the  center  section  of  the  specimens  had 
a  cross'Sectlonal  area  of  .02*. 04  square  inches.  Such  standard  tensile  samples 
were  made  for  both  the  dry  and  wet  composites.  Table  2  shows  the  strength  data 
obtained  by  breaking  the  samples  with  an  Instron  stress-strain  unit. 

The  first  set  of  samples,  made  with  orthophthalic  acid  based  laminating 
resin,  (#41)  show  a  50.1  percent  reduction  in  strength  after  single  sided 
exposure  to  water  at  65*C  for  0.3  years  and  an  additional  year  of  total  immersion 
exposure  at  27*C.  Data  from  Norwood  and  Marchant  suggest  a  decrease  in  one  year 
strength,  at  30*C,  of  about  25  percent  for  orthophthalic  resins  (2).  Their  data 
suggests  a  20  percent  decrease  after  a  year  for  isophthalic  resin. 

Our  second  set  of  data  on  orthophthalic  gel- coated  composites  with 
orthophthalic  resins  show  a  44  percent  reduction  in  tensile  strength  even  though 
the  exposure  conditions  were  more  severe.  The  tests  on  the  isophthalic  resin 
with  isophthalic  gel  coat  composite  showed  the  following  surprising  results: 
although  the  starting  strengths  were  higher  in  the  case  of  the  isophthalic 
material  than  the  ortho,  the  reduction  in  strength  after  a  year  was  83  percent. 
A  second  set  of  tests  was  made  on  series  95  which  also  had  an  isophthalic 
laminating  resin.  This  series  showed  a  73  parcent  reduction  in  strength  after 
l.l  years.  There  are  many  literature  references  that  point  to  improved  water 
resistance  of  isophthalic  acid  resin  vis-a-vis  orthophthalic  acid  resins.  These 
contradictory  results  could  be  caused  by  the  fact  that  we  did  not  post*cure  the 
samples  at  elevated  temperatures  before  testing.  However,  the  samples  are  "post- 
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Table  2 


Strength  Data  for  F.a.P. 


Sar.ple  Before  and  After  Exposure  to  Water. 


Sar.ple 

Age 

Strer.gtl 

til urber 

Tyre 

fVFl 

Exposure  Ccr.diticns 

Test 

f  nsi ) 

4i-::-i 

ortho/ortho 

p.g. 

1.3 

Anbient 

tensile 

31,37i 

4i-:i-2 

ortho/ortho  p.g. 

1.3 

Arbient 

tensile 

29,311 

3 

ortb.o/ortho  p.g 

1.3 

Ar.bient 

tensile 

25,63: 

41-3-1 

ortho/ortho 

p.g. 

1.3 

.3  yrs.G65*c*/i  yr.323°c2 

tensile 

15,70' 

41-3-2 

ortho/ortho 

p.g. 

1.3 

.3  yrs.QSS^C1/!  yr.S250C2 

tensile 

14, 32' 

41-B-3 

ortho/crtho 

p  •  g. 

1.3 

.3  yrs. 355°C1/l  yr.325°C2 

tensile 

13,22 

(percent  reduction  in  i 

strength 

*  50.1%) 

65-K-l 

crtho/crtho 

p.g. 

1.3 

Arbient 

tensile 

37,36 

65-H-2 

ortho/crtho 

p.g. 

1.3 

Arbient 

tensile 

47,32 

S5-K-3 

crtho/crtho 

p.g. 

1.3 

Arbient 

tensile 

44,09 

65-r-l 

crthc/crtho 

p.g. 

1.3 

.33  yrs. Q$5ac~/l  yr.$53*c; 

tensile 

24,19 

S5-F-2 

crthc/crtho 

p.g. 

1.3 

.33  yrs. 3o5!C”/l  yr.?65sC2 

tensile 

20,42 

*62-F-3 

crtho/crtho 

o.g. 

1.3 

.33  yrs. 565sc-/l  yr.  5-35° c2 

tensile 

27,3-5 

(percent  reduction  in 

strength 

*  44%) 

93-A-l 

isc/iso 

I 

1  yr.355»C2 

1  yr.0o5*C“ 

tensile 

*  *  * 
■*  t 

9 z -A- 2 

iso/iso 

1 

tensile 

7 , 5* 

5  3 -A- 3 

isc/iso 

1 

l  yr.355°C“ 

tensile 

ii,S( 

S3-A-4 

iso/iso 

1 

l  yr. 3o5°C" 

tensile 

6,7< 

SS-D-1 

isc/iso 

1 

Arbient 

tensile 

93-D-2 

iso/iso 

1 

Arbient 

tensile 

56,5' 

53-D-4 

isc/iso 

Arbient 

tensile 

32,5: 

92-3-5 

iso/iso 

1 

Ar.bier.t 

tensile 

49,  Sm 

(percent  reduction  in 

strength 

=  33% ) 

S5-G-1 

crtho/iso 

1 

1.1  yr.G65sC; 

11,4 

S5-G-2 

crtho/iso 

1.1  yr.G55°Ci 

17,5 

95-G-3 

ortho/ iso 

1 

1.1  yr.365*C* 

17,4 

95-D-l 

ortho/ iso 

1 

Arbient 

54 , 4 

95-3-2 

ortho/ iso 

i 

Arbient 

(sar.ple  darage 

55-D-3 

crtho/iso 

1 

Ar.bient 

62,5 

(percent  reduction  in 

strength 

=  73%) 

**  Indicates  single  sided  inversion 
-  Indicates  double  sided  inr.ersion 


cured”  in  eh  a  water  bath  at  65 ‘C  during  testing.  Wore  data  is  required  to 
explain  the  discrepenei.es  between  this  date  end  previous  reports. 

Figure  12  shows  four  typical  stress-strain  curves  of  composites  before  and 
aftar  prolonged  exposure  to  hot  water.  Each  of  these  are  for  a  sample  with  a 
cross-sectional  area  of  0.022  square  inches.  While  the  reduction  in  ultimata 
tensile  strength  is  such  higher  for  iso  then  hax’been  reported  previously,  the 
toughness  deterioration  is  sven  greater.  The  values  given  in  this  report  ere 
close  approximations .  To  get  exact  values,  true  stress-strain  curves  must  be 
obtained.  The  date  presented  here  is  engineering  stress-strain.  Never- the - 
less,  the  area  under  the  stress-strain  curve  Is  a  measure  of  the  toughness  of 
the  sample.  Toughness  of  a  material  is  extremely  important  because  It  determines 
how  resistant  the  material  Is  to  failure  by  crack  propagation  under  peak  loads. 
Two  materials  can  have  the  same  ultimate  tensile  strength  (U.T.S.)  and  radically 
different  toughnesses.  Toughness  is  more  important  to  design  and  boat  life  than 
is  ultimate  tensile  strength  provided  the  latter  value  is  above  an  acceptable 
limit.  The  toughness  of  the  orthophthelle  material  dropped  78  -percent  but  the 
isophthalic  material  dropped  in  one  case  96  percent  and  in  the  other  case  91 
percent.  This  value  for  isophthalic  resin  is  also  unexpected  in  light  of  the 
fact  that  they  are  more  resistant  to  water  breakdown  than  ere  orthophthalies. 

While  strength  and  toughness  changes  considerably  during  water  exposure, 
the  moduli  of  elasticity  for  both  isophthalic  and  orthophthalic  materials  did 
not  drop  appreciably.  Values  for  iso  resins  averaged  5.2  X  10s  (dry)  and  5.5  X 
10s  wet).  Values  for  ortho  resins  are  5.2  X  10s  (wet)  and  4.9  X  10s  (dry). 
These  values  are  in  pounds  per  square  inch. 

One  additional  observation  worth  noting  regards  the  type  of  fracture 
observed.  While  most  fractures  showed  some  tearing  out  of  fibers  from  the  resin 
matrix,  the  98  series  of  iso  resins  shoved  a  very  sharp  break  after  water 
immersion.  The  propagating  crack  goes  directly  through  the  glass  fiber  with 
little  pull  out.  The  Inability  of  the  material  to  deflect  the  crack  accounts 
for  the  low  toughness  of  the  material.  The  glass  must  have  lost  strength  during 
water  exposure  or  the  glass  polymer  inccrfacial  strength  increased  and  prevented 
fiber  pull-out. 


29 


While  the  unanswered  questions  regarding  toughness  deterioration  demand 
additional  experimentation,  It  is  dear  that  if  boats  become  saturated  throughout 
their  thickness,  deep-seated  damage  will  occur  limiting  the  life  of  the  hull. 


7.  Effect  of  the  Gel  Coat  on  Leaching  of  Water  Soluble  Kat.e-g.lal  from  laminatm 

Experiments  were  conducted  to  obtain  an  understanding  of  the  effect  of  the 
g«l  coat  on  the  leaching  of  water  soluble  materials  from  laminates.  Two  sets 
of  samples  were  tested.  Both  have  an  orthophthalic  acid  based  back-up  resin 
reinforced  with  woven  roving.  One  has  an  orthophthalic  acid  based  gel  coat 
(ortho/ortho)  and  the  other  set  has  an  isophthalic  acid  based  gel  coat 
(iso/ortho).  All  samples  were  immersed  in  water  at  65*C.  Two  samples  of  each 
set  were  totally  immersed  and  two  vera  subject  to  single  sided  iircerslon. 
Samples  were  weighed  and  checked  for  blister  initiation  periodically.  Data  is 
presented  in  figures  13  and  14. 

There  was  no  substantial  difference  in  blister  initiation  time,  for  identical 
samples,  between  the  single  sided  and  totally  immersed  samples.  These  results 
are  consistent  with  preliminary  observations  made  in  a  previous  study.  This  is 
an  important  finding  since  it  reaffirms  the  value  of  blister  initiation  data 
taken  on  totally  immersed  samples.  Indeed,  there  was  little  difference  in 
blister  initiation  time  between  the  two  sets  of  samples.  The  first  of  the  four 
iso/ortho  samples  blistered  in  four  days  and  the  others  blistered  in  eleven  days. 
The  ortho/ortho  samples  blistered  in  three  to  nine  days. 

The  totally  immersed  iso/ortho  samples  show  a  continuous  weight  loss  after 
100  hours  of  immersion.  All  of  the  weight  gain  is  due  to  water  pick  up.  The 
weight  losses  are  due  to  three  mechanisms:  outgassing  of  small  molecules, 
especially  unpolymerized  styrene  (Ref:  Lee  &  Rockett),  leaching  of  small 
molecules  end  solubility  of  exposed  polymer. 

After  approximately  2300  hours,  the  rate  of  weight  loss  increases  abruptly. 
This  is  due  to  the  rupturing  of  some  blisters.  However,  in  the  case  of  the 
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ortho/ortho  totally  Immersed  samples,  this  weight  loss  was  not  seen.  This  is 
consistent  with  data  obtained  in  a  previous  study  in  which  ortho/ortho  samples 
did  not  start  to  lose  weight  until  after  2700  hours. 

'  Thera  are  two  reasons  why  weight  loss  is  delayed  in  these  samples.  First, 
the  amount  of  exposed  polymer,  on  the  back  of  the  more  glass  rich  surfaca  of  tha 
ortho/ortho  sample,  is  much  less  than  the  resin  rich  back  of  tha  Iso/ortho 
samples.  Because  of  this  smaller  area  of  polymer  exposed  to  the  water,  slower 
leaching,  slower  outgassing  and  less  dissolution  takes  place.  All  of  these 
mechanisms  are  still  operative  but  at  a  slower  rate.  Further,  the  ortho/ortho 
sample  picks  up  more  water  than  the  iso/ortho  sample.  As  in  all  of  tha  samples, 
the  weight  gain  off-sets  the  weight  loss. 

Both  single  sided  and  immersed  iso/ortho  and  ortho/ortho  samples  were  still 
gaining  weight  at  the  end  of  the  experiment.  This  clearly  shows  that  tha  gal 
coat  material  retards  the  rate  of  leaching  of  water  soluble  materials,  and 
outgassing  and  is  far  less  susceptible  to  solubility  than  the  air  cured  resin. 
The  ortho/ortho  samples  pick  up  more  water  than  the  iso/ortho  samples  but  at  a 
somewhat  slower  rate.  There  are  three  reasons  for  this.  First,  water  is  more 
soluble  in  orthophth&lic  acid  based  resins  than  it  is  isophthalic  acid  based 
resins.  Secondly,  the  resin  has  a  lower  tensile  strength  and  tharefore  more  disk 
cracks  can  form.  Thirdly,  ortho  is  more  flexible  than  iso  which  means  that 
growing  blisters  do  not  crack  open  as  quickly. 

Figure  IS  shows  the  back  surface  of  a  fully  immersed  sample  and  one  exposed 
to  water  on  the  gel  coat  side  only.  The  surface  not  exposed  to  water  Is  in 
excellent  shape.  The  surfaces  exposed  to  water  show  a  severe  crazing  pattern 
due  to  the  shrinkage  produced  by  leaching  and  growth  of  disk  cracks  to  the 
surface.  It  is  obvious  that  gel  coats  protect  the  resin  from  this  type  of 
damage.  However,  and  here -in  lies  the  dilemma  of  the  gel  coat.  The  gel  coat 
prevents  the  loss  of  small  molecules  from  the  resin.  These  molecules  get  trapped 
underneath  the  gel  coat  this  allows  them  to  create  osmosis  which  causes 
blistering. 
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a.) 


b.) 


Figure  15.  Photomicrograph  of  the  Resin  Rich  Backside  of  a  Composite  that 
Has  <i.)  Not  Been  Exposed  to  Water  b.)  Been  Exposed  to  65  C 
Water  . 


Figure  IS  Also  shows  th«  importance  of  keeping  the  bilge  as  dry  as  possible. 
This  point  hes  Already  been  emphasized.  The  physics!  damage  to  the  resin  which 
weakens  It,  speeding  up  saturation  of  the  hull  and  the  increased  osmotic  cracking 
Is  shown  dramatically  is  these  photographs.  Also,  the  data  leava  no  doubt  that 
the  pigmented  gel  coat  does  act  as  an  affective  barrier  in  keeping  water  out  of 
the  fiberglass  laminate. 


When  an  FRF  structure  is  made  up  of  layers,  under  certain  circumstances,  en 
unexpected  layer 'forms  between  the  different  layers  of  the  polyester  structure. 
The  new  end  unexpected  layer  is  referred  to  as  the  51- layer  because  originally 
the  reason  for  its  existence  was  unknown.  It  is  seen  in  boat  hulls,  in  glass 
filled  laboratory  specimens  and  in  non* reinforced  polyester  structures  built  up 
in  layers. 

The  X- layer  is  about  0.1  mm  (4  mils)  thick.  It  is  strongly  blrefrlngent 
when  viewed  under  the  microscope  with  polarized  light  (crossed  nicols).  The 
index  of  refraction  of  the  layer  is  higher  than  the  polyester  above  and  below 
it  thus  proving  that  it  has  a  different  chemical  composition  than  the  surrounding 
polyester.  Figure  16  shows  two  photomicrographs  of  the  X*layer ,  one  taken  in 
white  light  and  one  with  crossed*nicols.  The  blrefrlngent  interphase  is  always 
located  at  the  bottom  of  the  previously  cured  layer.  The  date  below  show  that 
the  layer  is  caused  by  diffusion  of  styrene  monomer  from  the  added  wet  layer  into 
the  cured  polyester  substrate. 


Specimens  were  made  using  several  different  polyester  resins, with  and  with¬ 
out  glass  reinforcement.  The  first  layer,  approximately  2  mm  thick  was  cast  onto 
a  waxed  glass  surface.  Additional  layers  were  cast  cn  top  of  the  first  layer 
after  different  times  and  under  different  conditions.  Vhen  cured,  the  samples 
were  crossed  sectioned  using  e  diamond  saw  and  polished  to  a  thin  section 
thickness  of  about  IQ  mils  (.010"),  These  sections,  perpendicular  to  the 
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interfaces,  vara  studied  under  Che  polarizing  microscope.  The  x-layer  thickness 
and  degree  of  birefringence  vere  measured.  The  following  results  were  obtained: 

X,  When  a  single  layer  is  cast  no  x-lsyer  forms. 

2.  When  a  second  layer  Is  added  to  the  first,  before  the  first  layer  Is 
completely  cured,  no  x- layer  forms. 

3.  When  a  second  layer  is  cured  on  a  fully  cured  first  layer  the  x- layer 
interphase  forms  at  the  top  of  the  first  layer. 

4.  The  x-layer  is  not  related  to  air  inhibition  in  the  first  layer.  The 
first  layer  vas  covered  with  vex  paper  and  allowed  to  cure  before  the 
wax  paper  wee  removed.  The  second  layer  wee  then  cast  and  an  x 
-layer, identical  to  tha  one  formed  in  the  matching  experiment  without 
the  wax  paper, formed. 

f  5.  A  1/4”  thick  by  1"  x  1”  polyester  sample  was  cast  end  cured.  Sectioning 
<  showed  no  x-layer.  This  piece  was  immersed  In  the  identical  resin  liquid 

end  the  outer  resin  was  then  cured.  Sectioning  shoved  an  x-layer  at  the 
top,  bottom  and  sldas  of  tha  Immersed  place. 

6.  The  top  of  layer  I .adjacent  to  the  x-layer  interphase , shows  a  reduction 
of  strain  birefringence  compared  to  the  rest  of  the  pre-cured  layer.  This 
suggests  that  styrene  diffusion  Into  the  first  lsyer  has  plasticized  the 
zone  adjacent  to  the  x-layer.  The  thickness  of  the  relaxed  layer  la  close 
to  the  thickness  of  the  x-layer. 

7.  There  is, in  most  cases, some  banding  in  the  x-layer. 

8 .  Tha  thickness  of  the  x-layer  is  independent  of  the  first  or  second  lsyer 
thicknesses, ' 

9.  Resins  with  a  variety  of  styrene  contents  show  essentially  tha  asms  x- 
layer  thickness. 


All  of  tha  abovs  observations  can  be  explained  by  a  diffusion  of  styrene 
monomer  from  the  uncured  added  resin  into  the  cured  polyester.  Styrene  diffusion 
into  polyesters  is  known  to  occur  (3).  As  long  as  ths  added  resin  is  uncured, 
styrene  molecules  are  free  to  diffuse  into  the  intersticial  spaces  of  the  pre¬ 
cured  polyester  first  layer.  As  curing  of  the  new  resin  proceeds,  the  monomer, 
styrene,  will  be  converted  to  cross-linking  units  and  diffusion  will  stop.  The 
bottom  of  layer  11  will  be  depleted  in  styrene  while  the  top  layer  I  will  be 
strained  by  the  swelling  produced  by  absorbed  styrene.  Diffusion  into  the  solid 
polyester  will  be  rate  controlling  (4).  The  sharp  line  between  the  styrene 
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saturated  pert  of  resin  1  end  the  remaining  pert  of  the  resin  indicete  that 
diffusion  Is  non-flckian  in  this  cese  end  e  composition  change  at  e  well  defined 
front  exists.  This  front  shows  e  sharp  index  of  refraction  change.  Figure  1?  is 
a  sketch  shoving  the  x- layer.  Dashed  lines  indicate  the  percent  of  styrene 
present  at  different  points  at  different  tinea.  The  exact  styrene  contents  are 
not  known  but  the  estinates  should  be  close.  As  .suggested  by  the  figure,  after 
curing  takes  place, there  is  a  possibility  for  back  diffusion  to  occur. 

The  thickness  of  the  x-leyer  depends  on  several  factors.  When  the  resin 
cures, the  monomer  is  converted  to  polyaer  and  there  Is  no  more  free  styrene  to 
diffuse.  The  thickness  of  the  x- layer  is  then  set.  Therefore  anything  that 
spesds  up  or  slows  down  curing  will  affect  the  x-layer  thickness.  The  higher 
the  temperature , the  faster  the  cure  and  the  thinner  the  x- layer.  More  curing 
agent  speeds  up  the  set  tiae  and  deereasss  tha  x-laver  thickness.  The  degree  of 
cross  * linking  of  the  pre- cured  layer  controls  the  rate  of  styrene  diffusion  into 
the  precured  layer  end  hence  acts  differently  as  a  sink  for  styrene. 

The  banding  observed  In  the  interphase  is  due  to  several  factors.  More  than 
one  species  can  move  from  tha  liquid  into  the  pre-cured  material.  In  addition 
to  styrene,  catalyst  molecules  esn  also  diffuse.  Furthermore,  back  diffusion  of 
styrene,  after  complete  cure .can  lead  to  substructures  in  the  x- layer  which 
appear  as  bands  under  microscopic  examination.  The  full  details  of  the 
diffusional  interactions  will  ba  understood  after  more  experimentation  has  baan 
done.  Further  work  needs  to  be  done  in  this  area. 

The  x-layer  constitutes  s  property  discontinuity  in  the  material  associatad 
with  the  compositional  and  strain  discontinuity .  The  sharp  and  strong 
birefringence  Is  due  to  strain  in  ths  x-layer.  This  strain  is  caused  by  swelling 
of  the  previously  cured  polyester.  The  styrene  depleted  zone  in  the  second  layer 
also  will  be  strained  but  to  a  lesser  extent.  The  zone  in  front  of  the  x-layer 
will  be  in  tension. 

The  mechanical  properties  will  also  change  in  the  x-leyer.  Figure  18  clearly 
shows  s  disk  crack  which  initiated  in  the  pre-cured  layer.  As  it  grew  toward 
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IS.  Photomicrograph  Showing  Disk  Cracks  which  Initiated  in  the 
Pre-cured  Layer  and  Were  Deflected  Along  the  X*layer,  in  a 
Glass  Free,  1SO-NPG/ISO  Composite. 


Che  x* layer  it  was  deflected  along  the  surface .  This  wee  observed  in  a  glass  free 
composite  soaked  in  voter  at  £S*C  for  many  hours.  The  structure  vas  free  of 
cracks  except  in  the  tensile  layer.  None  of  these  cracks  spread  through  the  x- 
layer. 

An  X- layer  in  a  bull  structure,  could  influence  the  location  of  blisters  and 
could  even  promote  bull  delaaination.  The  sharpness  of  the  X- layer  depends  on 
bow  long  a  period  of  tins  elapses  betvesn  fabricating  different  layers  of  the 
composite .  The  longer  the  elapsed  tine,  the  sharper  the  discontinuity  bacons*. 

Because  of  the  ease  with  which  the  X- layer  can  be  located  and  observed, 
microscopic  examinations  of  hull  cross -sections  can  tell  the  observer  at  what 
points  the  hull  construction  was  interrupted  end  generally  how  long  a  tine 
elapsed  between  lay-up  events.  Continuous  lay-ups  ara  obviously  the  best 
practice.  That  way,  no  unexpected  property  change  can  occur  in  the  laminate . 

In  one  hull  that  showed  delaaination ,  the  split  occurred  at  an  X- layer.  If 
disk  cracks  formed  on  the  gel  coet  elde  end  were  deflected  et  the  X- layer,  a 
cracking  delaaination  could  result.  Also,  the  normal  bending  stresses  and 
flexing  stresses ,  which  sre  applied  to  e  hull  by  wave  action,  can  be  concentrated 
at  an  X- layer  discontinuity  which  could  also  contribute  to  hull  delamination. 
At  this  time,  the  data  is  not  available  to  decide  when  an  X- layer  becomes  a 
serious  defect.  Further  studies  need  to  be  conducted  on  this  phenomena. 

The  practice  of  curing  e  gel  coet  end  then  applying  beck-up  resin  can  also 
produce  an  X-layer  in  the  gel  coat.  Because  gel  coats  sre  more  flexible  than 
laminating  resin,  the  gel  coet  x-lsyer  may  not  be  a  problem.  The  practice  of 
continuing  lay-up  before  the  gel  coet  is  completely  cured  is  highly  recommended. 
Some  manufacturers  wet  e  cured  gel  coet  or  laminate  layer  with  styrene  before 
continuing  the  lay-up  process.  This  can  weaken  the  structure  more  then  is 
desirable,  especially  if  too  much  styrene  is  used.  It  is  virtually  impossible 
to  know  the  proper  amount  of  styrene  to  use.  Therefore,  this  practice  should 
be  discouraged  end  as  continuous  a  lay-up  schedule  as  possible  should  be  used. 
Obviously  more  data  is  needed  In  this  area. 
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The  following  study  points  out  one  of  the  problems  in  doing  blister  studies. 
Apparently  identical  samples  do  not  blister  at  the  s ante  time  and  therefore  « 
range  of  times  must  be  given  to  describe  blistering. 

One  very  lerge  panel  (approximately  S'  X  S’)  was  constructed  by  a  local  boat 
manufacturer  to  be  used  for  eoatisg  and  repair  technique  evaluations.  The  panel 
la  constructed  of  orthophthalic  acid  based  laminating  reein  and  gel  coat.  Three 
types  of  glass  reinforcement  were  used  in  laminsting:  A  skin  coat,  vary  lightly 
reinforced  with  chopped  glass;  vail  region,  lightly  reinforced  with  a  veil  mat; 
and  a  heavily  rainforeed  zone  comprised  of  two  layers  of  woven  roving.  The 
laminate  was  constructed  and  cured  at  ambient  shop  conditions.  The  panel  was 
sawed  up  into  more  than  200,  4a  X  4"  samples. 

A  totel  of  72  samples  were  immersed  et  65*C  in  a  distilled  water  bath  and 
allowed  to  blister.  The  samples  were  blistered  so  that  they  could  be  used  later 
to  help  evaluate  various  coatings  and  blister  repair  techniques.  Of  the  72 
samples,  45  were  followed  closely  for  blister  lnitietion  times. 

A  histogram  of  the  distribution  of  blister  initiation  times  of  the  45  samples 
is  shown  in  Figure  19.  Assuming  e  normal  distribution  of  the  date,  a  mean  of 
970.7  hours  (40.4  days),  a  median  of  888.0  hours  (37  days)  and  a  variance  of 
235.6  hours  (9.8  days)  were  calculated.  For  any  normally  distributed  population, 
99.74  percent  of  date  will  lie  within  three  standard  deviations  of  the  mean. 
This  means  that  99.74%  of  all  aamplss  will  blister  between  264  and  1677  hours. 

The  discrepancy  between  the  mean  and  medlar,  and  Figure  19  clearly  show  that 
the  data  is  slightly  skewed  to  the  right.  However,  the  blister  initiation  times 
are  close  to  a  normal  distribution. 
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Distribution  of  blister  initiation  times  for  series  200 


Beth  th«  skewness  and  broadness  of  the  distribution  can  be  explained  mostly 
by  variations  in  gel  coat  thickness  and  by  the  depth  of  the  blisters 9  position. 

The  thickness  of  the  gel  coat  was  targeted  between  20  and  25  ails .  The  gel 
coat  was  applied  to  a  sold  by  an  experienced  operator  using  a  spray  gun.  The 
thickness  was  spot  checked  using  a  ail  gauge.  Forty* five  samples,  to  be  used 
to  test  the  perforaance  of  coatings  over  a  gel  coat,  were  measured  for  gel  coat 
thicknesses.  Five  readings  wars  taken  for  a  saaples  and  averaged.  The 
distribution  of  the  gel  coat  thicknesses  is  shown  in  Figure  20.  The  aean  is  24.9 
ails,  median  is  25.6  nils  snd  the  variance  Is  4.98  ails. 

The  broadness  of  the  data  clearly  suggests  the  technique  of  spraying  the  gel 
coat,  itself,  aasualng  the  thickness  from  experience  and  randomly  spot  checking 
the  thickness  does  not  yield  s  unifora  thickness.  Another  factor  is  that  the 
gel  coat  was  sprayed  onto  a  flat  mold.  Depending  on  the  height  of  the  operator, 
am  length  and  nozzle  size,  areas  closer  to  the  operator  will  be  thicker  than 
those  farthest  away  froa  the  operator.  The  spray  becomes  more  disperse  as  it 
travels  farther.  This  causes  the  thickness  to  be  thinner  farther  sway.  The 
thickness  data  is  skewed  to  the  left.  The  nost  likely  reason  there  are  fever 
samples  with  gel  coat  thickness  greater  than  the  nedlan  of  25.6  alls  is  that 
zones  of  overlap  ere  at  a  ainiaua  with  an  experienced  operator,  but  are  atill 
unavoidable.  Meld  flatness  and  mold  levelness  could  also  play  a  role. 

Gelcoat  thickness  Is  related  to  bliater  initiation  time.  The  thicker  the 
gelcoat,  ths  longer  it  takes  watsr  to  diffuse  into  the  underlying  laminate  to 
Initiate  a  blister.  Figure  21  shows  the  relationship  b-.  <*een  blister  initiation 
time  and  gel  coat  thickness  for  this  set  of  samples. 


Point  1  gi ves  the  blister  initiation  time  for  e  blister  formed  Just  below  the 
surface  of  a  thin  gel  coat.  Point  3  is  the  initiation  time  for  a  blister  that 
formed  2-3  mm  below  a  thick  gel  coat.  The  second  point  is  the  mean  blister 
initiation  time  und  mean  gel  coat  thickness  of  all  the  samples.  Using  linear 
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Gel  Coat  Thickness  (mils) 

Figure  20.Gelcoat  thickness  distribution  for  series  200 


•in# 


interpretation  the  following  relationship  la  found: 


B  -  *1556. 5S  ♦  102.5  x  T  (9.1) 

Where  B  is  the  blister  initiation  time  and  T  is  the  gel  coat  thickness 

e 

In  the  past  it  has  been  shown  that  If  the  gelcoat  thickness  is  doubled,  it 
takes  roughly  twice  as  long  to  initiate  a  blister.  The  line  usually  intersects 
the  y-axis  (blister  initiation  time)  at  a  gel  coat  thickness  close  to  sere. 

The  interpretation  of  this  relationship  can  be  given  as  follows: 

It  is  true  that  blister  initiation  is  a  function  of  the  distance  water  must 
travel  through  the  gel  coat  to  reach  the  laminate.  However,  for  the  above 
hypothesis  to  be  true,  that  doubling  the  thickness  roughly  doubles  blister 
initiation  time,  the  blister  must  be  positioned  Just  beneath  the  gel  coat.  This 
is  usually  where  most  blisters  are  found.  However,  for  this  set  of  samples,  most 
of  the  blisters  occurred  between  the  veil  end  woven  roving  regions,  approximately 
2-3  am  below  the  gel  coat  surface.  The  possible  reasons  for  susceptibility  to 
blistering  and  disk  cracking  in  this  zone  is  as  follows: 

1.  The  chopper  glass  reinforced  zone  is  not  susceptible  to  blistering.  The 
chopped  glass  used  is  corrosion  resistant  and  free  of  water  soluble 
binder.  The  resin  is  elizinated  as  a  source  of  blistering  because  the 
same  resin  was  used  at  each  stage  of  the  ley -up  process. 

2.  An  x-lsyer  is  present  between  the  chop  end  veil  reinforced  zones.  The 
x- layer,  ee  discussed  in  Section  8,  has  different  properties  than  the 
surrounding  resin  and  is  under  stress.  A  discontinuity  in  properties  and 
stresses  prssent  potential  sites  for  disk  crack  or  any  other  type  of 
creek  formation. 

3.  An  X-layer  is  an  indicator  of  a  discontinuous  lay-up.  Air  inhibition 
layers,  e  source  of  water  soluble  materials,  form  with  discontinuous  lay¬ 
ups.  Water  soluble  material  is  necessary  for  disk  crack  and  blister 
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formation. 


4.  The  vail  glass  and  woven  roving  reinforced  zones  are  subject  to  disk 
cracking  and/or  blistering  because  of  tlie  glass  used  or  sore  probably 
because  of  the  binders  on  Che  glass. 

* 

Because  the  laminate  is  susceptible  to  blistering  at  this  distance  beneath 
the  surface,  it  meins  that  the  water  had  to  diffuse  in  much  more  then  the  gel 
coat  thickness  before  blisters  could  initiate.  Although  the  thickness  of  the 
gel  coat  does  mattar,  its  efface  would  not  be  so  apparent  as  if  the  blisters  had 
formed  just  beneath  the  gel  coat.  Add  to  this  the  feet  that  there  is  also  some 
varleelon  in  the  chop  layer  thickness,  the  blister  Initiation  time  distribution 
is  not  as  surprising. 

The  added  distance  the  water  must  travel  would  be  reflected  as  a  shift  of  the 
points  to  the  right  in  Figure  21.  This  line  also  reflects  problems  in  reporting 
blister  initiation  times.  For  the  blisters  that  form  deeper  in  the  laminate, 
it  is  very  difficult  for  these  blisters  to  bulge  outward.  The  blisters  will  tend 
to  grow  more  parallel  to  the  surface.  For  this  reason  the  blisters  cannot  be 
seen  on  the  gel  coat  surface  until  sufficient  osmotic  pressure  has  generated  for 
it  to  grow  outward.  When  these  blisters  are  first  noted  they  ere  usually  very 
large*  This  means  that  the  blister  was  hidden  beneath  the  surface  for  some  time 
before  it  was  noted  end  therefore  some  of  the  blister  initiation  times  reported 
are  actually  greater  than  the  true  values.  Also,  the  thicker  the  gel  coat  the 
more  difficult  it  is  for  s  blister  to  bulge  outward.  This  introduces  an 
experimental  error  over  which  we  have  no  control  unless  we  destroy  the  sample. 
These  factors  are  ell  taken  into  account  in  Fig.  21. 

This  line  represents  an  average  function  of  blister  initiation  time  vs  gel 
coat  thickness  for  blisters  thet  form  Just  beneath  the  gel  coet  and  those  found 
2-3  mm  into  the  laminate.  Using  this  relationship,  the  gel  coet  thickness  data 
can  be  converted  to  blister  initiation  times  end  vice  verse. 


Figure  22  represents  the  result  of  converting  figure  19  using  equation  (9.1). 
The  width  of  the  hers  of  the  histogres  represent  the  error  in  measuring  gel  cost 
thickness.  The  result  is  a  Man  of  979.2  hours,  a  median  of  1066.9  hours  and 
a  variance  of  476.5  hrs.  Assuming  a  normal  distribution,  99.74  percent  of  the 
data  will  lie  between  -  450.1  and  2498.6  hours.  Though  the  distribution  Is  very 
broad,  the  scan  truly  appears  to  be  reflective  of  actual  data  which  is  970.7 
hours. 

To  conclude,  the  following  explanations  can  be  given  to  explain  the 
distribution  of  blister  initiation  tlMs  in  figure  19: 

1.  Variations  in  gel  coat  thickness  are  randomly  distributed  in  the  panel. 
This  contributes  significantly  to  the  broad  distribution  of  blister 

40  initiation  tines.  Narrower  distributions  of  gel  coat  thicknesses  can  be 
obtained  in  the  laboratory  but  the  techniques  can  not  be  used  on  boat  hull. 
Thickness  variations  ara  inherent  In  the  boat  manufacturing  process. 

2.  The  deeper  the  blisters  the  longer  veter  must  travel  to  the  site  and 
therefore  the  longer  It  takes  for  a  blister  to  initiate. 

3.  The  deeper  blisters  do  not  shew  on  the  surface  until  sons  tine  after 
initiation  and  .  therefore  the  reported  tine  is  longer  than  the  actual 
initiation  tine. 

4.  The  blister  initiating  constituents  in  the  laninating  resin  ere  randonly 
distributed. 

5.  Variations  in  glass  concentration  nay  affect  blister  initiation  tines. 
This  nay  be  a  snail  contributor  to  the  broadness  ana  skewness  of  the  data. 
Because  glass  acts  as  a  hast  sink,  those  areas  with  higher  glass 
concentrations  would  develop  lover  exotherms  and  hence  would  cure  less. 
Also,  binder  and/or  coupling  agent  may  be  a  source  of  water  soluble  material. 
Areas  of  heavier  reinforcement  would  have  a  high  concentration  of  water 
soluble  material  and  therefore  would  blister  faster.  The  glass  also  produces 
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stresses  in  the  composite  on  shrinkage  during  curs  snd  differential  swelling 
during  water  absorption.  These  stresses  would  be  greeter  in  areas  of  heavier 
reinforcement.  These  areas  would  be  more  prone  to  disk  cracking  and  hence 
blister  initiation. 

6.  Thermal  effects  slso  say  play  a  role.  Areas  that  have  thicker  8*1  coet 

. 

or  laminating  rasin  and  lover  glass  concentration  will  develop  greater 
exotherms  and  as  a  result  will  be  more  blister  resistant.  This  may  account 
for  some  of  the  skewness .  Also ,  edges  snd  corners  of  the  mold  would  not  be 
able  to  develop  es  high  exotherms  beesuse  of  the  added  directions  of  cooling. 

7.  Most  importantly,  this  data  shows  that,  given  ell  of  the  variables 
involved  in  manufacturing  a  boat  hull  and  tha  materials  ussd.  it  Is 
impossible  to  predict,  from  laboratory  specimens,  an  absolute  time  that  e 
hull  will  blister.  In  order  to  predict  boat  hull  blister  initiation  times, 
e  very  large  set  of  samples  must  be  constructed  by  methods  similar  to  those 
used  by  boat  manufacturers.  This  will  give  a  distribution  of  blister 
initiation  times  that  can  be  used  to  calculate  the  range  of  times  in  which 
blisters  may  initiate.  Single  sample  studies  are  virtually  meaningless  for 
evaluating  blister  resistance. 

This  presents  s  problem  in  testing  laboratory  specimens  es  well.  This 
study  shows  that  to  truly  make  a  comparison  between  different  materials,' 
different  lay-up  procedures,  etc.,  a  large  set  of  samples  must  be  tested  to 
find  the  range  of  the  distribution  of  blister  initiation  times.  Only  if  one 
distribution  falls  out  of  range  of  tha  ocher,  can  one  specimen  be  said  to  be 
better  or  worse  than  tha  other. 

8.  Finally,  data  show  that  with  ar.  "identical*  set  of  samples  made  by 
experienced  professionals,  a  range  of  at  least  700  hours  can  be  expected  in 
blister  initletion  times  st  65*C.  This  means  that  two  hulls,  made  by 
identical  procedures,  with  the  seme  materials,  could  show  a  difference  of  e 
year  in  blistering  if  they  were  continually  immersed  in  verm  water. 
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10.  Blistering  of  Shoo  Prepared  Samples 


k  frequent  end  valid  criticism  of  many  blister  studies  states  that  samples 
prepared  In  a  laboratory  environment  are  not  comparable  to  samples  prepared  on 
the  shop  floor  using  standard  industrial  equipment.  To  address  this  question 
and  to  evaluate  the  effects  of:  1.  overcatalyzation,  2.  undercatalvzatlon, 
3.  preparation  at  50  to  60* P  and  4.  Construction  vlth  moistened  fiberglass 
stats,  four  companies  constructed  panels  using  their  standard  manufacturing 
practice  and  Conner  daily  available  materials .  Then  four  additional  panels ,  with 
the  above  deviations  from  standard  practice,  were  made.  The  details  of 
construction  are  given  in  table  3.  The  panels  were  cut  into  4*  X  4"  test  samples 
and  supplied  for  testing. 

The  Coast  Guard  Offica  of  Boating  Safety  designed  the  experiment,  obtained 
the  cooperation  of  the  four  companies  and  distributed  the  samples  for  tasting. 
The  four  companies,  whose  valuable  cooperation  aided  this  study,  were  Hatteras 
Yachts,  Cook  Paint  and  Varnish  Co.,  Costings  and  Plastics,  Inc.  and  Sea  Kay 
Boats,  Inc. 

The  samples,  supplied  to  the  University  of  Rhode  Island,  were  tested  by 
immersion  In  65*C  distilled  vater  and  the  results  are  given  In  table  4.  The 
studies  were  done  blind.  Only  after  performance  was  evaluatad  were  the 
fabrication  variables  disclosed. 

In  several  sets  of  samples  a  new  water -composite  interaction  was  discovered. 
This  new  type  of  blister  will  be  referred  to  as  "swelling  blister".  In  one  set 
of  samples,  with  extremely  thick  gel  costs,  and  in  another  set  of  epoxy  coated 
samples,  surface  blisters  were  observed  and  assumed  to  be  osmotic  blisters, 
centered  in  the  veil  mat  region.  However,  when  these  blisters  were  sectioned, 
no  opening  in  the  composite  was  found  nor  could  any  blister  fluid  be  observed. 
Thin  cross-sections  were  made  through  the  samples  and  it  was  discovered  that  the 
blister  resulted  from  a  swelling  of  the  surface  material  due  to  water  up-take 
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Table  4 


Result*  of  Blister  Studies  on  F.R,?.  Samples  prepared  by 
Maunfaeturers.  Immersed  at  65*C  for  5240  -  5852  hours. 
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# 
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Uyvp 
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SU»t»r 
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tin  (hx> ) 
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SliitH  , 
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A 

01 
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+ 
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01 

2 
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0J 

+ 

+ 

A 

02 

1 
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+ 

0 

A 

02 

2 
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0.2 

+ 

0 

A 

#3 

1 

UC 
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+ 

+ 

A 

03 

2 

UC 

. 
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06 

+ 

+ 

A 

#4 

1 

oc 
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+ 

♦ 

A 

0* 

2 

oc 

. 

104+61 
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+ 

+ 

A 

#5 

I 

w 
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♦ 

+ 

A 

#5 

2 

w 
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75 
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+ 
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B 

A 
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0 
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0 
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B 

A 

2 

s 

19.1 

0 

a  * 

0 

0 

B 

B 

1 
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0 

0 

B 

B 

2 

oc 
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0 
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0 

0 

B 

C 

l 

UC 
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0 

0 

B 

C 
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0 
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0 

0 

B 

D 

l 

\v 
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0 

0 

B 

D 

2 
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0 
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B 

E 

1 
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0 

B 

E 

2 
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0 
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0 

0 

C 

1A 
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s 
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c 

IA 

2 

s 

. 
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0 
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c 

2A 

1 

oc 
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+ 

0 

c 

2A 

2 

oc 

. 
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+ 

0 

c 

3A 

1 

UC 
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0 

++ 

c 

3A 

2 
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. 
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l 

\v 

30.0 

10S+3S 

2.2 

14 

+ 

+  + 

c 

4A 

2 

\v 

. 

103+33 

3.4 

06 

+ 

+  + 

c 

5A 

l 

LT 

200 

223+14 

4.3 

1.1 

+ 

+ 

c 

i.\ 

2 

LT 

. 

349+33 

67 

1.0 

+ 

♦ 

D 

A 

l 

S 

42.0 

5S9+59 

3.7 

1.7 

+ 

+ 

D 

A 

* 

S 

. 

5S9+JV 

2.1 

1.5 

+ 

+ 

D 

B 

l 

OC 

360 

446+3$ 

US 

1.7 

+ 

+ 

D 

B 

2 

OC 

. 

446+3$ 

S3 

1.9 

+ 

+ 

D 

C 

1 

UC 

33.0 

397  +  13 

10.9 

0.4 

+ 

+ 

D 

c 

2 

UC 

. 

513  +  U 

4.3 

0.5 

+ 

+ 

D 

D 

1 

vv 

33.0 

446+3 S 

3.5 

1,3 

0 

+  + 

D 

□ 

2 

\v 

. 

446  +  3$ 

6.7 

1.4 

0 

+  + 

D 

E 

1 

LT 

41.0 

446  +  3$ 

9.1 

2.4 

0 

+ 

D 

E 

2 

LT 

■ 

397+13 

53 

0.9 

0 

+ 

0 

F 

l 

CG 

33.0 

446  +  35 

6.4 

0.3 

+ 

+ 

D 

F 

2 

CG 

• 

1127+219 

9,1 

0.2 

♦ 

+ 

Abbreviation: 

L.T  -  Low  Temperature 

O.C  -  Over  Catalyized  Gel  Coat,  Laminate  or  Both 
0  -  None 

+  -  Present,  but  not  wide  spread 
++  -  Wide  spread 
S  -  Standard  method 
UC  -  Under  catalyzed 
W  -  Wet 

CG  -  Chopped  glass 


at  certain  spots  os  shown  in  figure  23  «. 


This  observation  constitutes  s  problem  in  data  taking.  Without  son* 
destructive  tost,  it  has  been  ispossibls  for  us  to  differentiate  an  osaotic 
blister  froa  a  swelling  blister.  The  saaple  must  be  drilled  or  sectioned  before 
the  distinction  can  be  Bade.  Preliminary  determinations  suggest  that  a  turn* 
destructive  ultra-sonic  test  could  differentiate  the  two. 

In  certain  saaples,  swelling  blisters  nucleated  osaotic  blisters  inside  the 
*•1  coat.  As  the  swollen  zone  pushes  against  the  surrounding  gel  cost  it 
produces  an  upward  thrust  similar  to  plate  buckling.  This  esuses  a  crack  under 
the  gel  coat  end  initiates  osmosis.  The  blister  void  is  ssuill  and  saucer  shaped 
end  spreads  to  the  surface  causing  e  seal-circular  crack  around  part  of  the 
swelling  blister.  This  type  of  swelling  is  often  related  to  the  formation  of 
a  surface  vavineaa  which  la  commonly  seen  on  *•1  coats  prior  to  the  onset  of 
blistering.  It  is  the  sene  process,  on  e  much  less  draeatic  scale,  as  the 
swelling  described  by  Tanaka  at  al.  (5). 

One  type  of  swelling  blister  observed  in  epoxy  coated  composites  was  caused 
by  sanding  debris  Included  in  the  surface  coating.  When  s  nulti- layer  system 
is  used  to  repair  e  blistered  hull ,  two  layers  of  s  clear  penetrating  or  seeling 
epoxy  are  painted  on  the  surface.  Each  layer  must  be  sanded  before  the  colored 
surface  layer  is  built  up.  The  sanding  promotes  mechanical  adhesion  and  removes 
a  "blush”  or  tacky  air  inhibited  laysr.  Because  the  particles  are  sticky  they 
can  adhere  to  the  surface  end  be  incorporated  into  the  next  layer.  Sectioned 
swelling  blisters  of  an  spoxy  costing  showed  clusters  of  clear  particles  in  the 
surface  layer  at  the  center  of  the  swelling  blister.  No  internal  crack  or 
blister  fluid  was  present  in  these  cases.  No  such  particles  are  observed  in  the 
swelling  blisters  in  gel  coats  and  it  is  assumed  that  the  swelling  begins  at  a 
slightly  undereured  zone.  In  this  report  some  of  the  blisters  observed  are 
swelling  blisters.  However,  In  the  tables,  no  effort  has  been  made  to 
differentiate  between  the  two  types  of  blisters  whan  initiation  times  are 
reported.  If  swelling  blisters  were  found  by  sectioning  their  occurrence  is 
noted  in  the  tables. 
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the  water  iliffusk#*  front 


In  addition  to  availing  blisters,  th*  ecre  frequently  aneountarud  sub-gel 
coat  blistara  ara  alas  observed.  Sinca  the  location  and  type  of  blister  can  not 
ba  datarnlnad  until  tha  staples  ara  sectioned  at  tha  and  of  tha  tacts,  the 
initiation  tia*  rafara  to  tha  firat  obaarvad  blisters  (which  will  ba  availing 
bliatara  if  thay  fora  on  a  givan  sample).  Swelling  blistara  tand  to  fora  in 
thick  gal  coats.  Banco  th*  surprising  result  that  blistara  ini tia ta  in  vary 
abort  tia a*,  svan  with  thick  gal  coats,  is  contrary  to  tha  rule  of  thumb  that 
S*1  coat  blistering  initiation  times  ara  a  function  of  gal  coat  thickness. 
Figure  23  b  and  c  shews  samples  A*  1*1  which  has  only  swelling  blistara,  many  of 
vfaich  crackad  cn  drying,  and  aaxspla  C-5-A1  which  has  sub -gel  coat  blisters. 


A  thorough  review  of  the  data  on  Table  4  leads  to  the  following  conclusion: 

1 .  Too  many  simultaneous  variables  were  used  and  therefor# ,  absolute  results  and 
some  factors  cannot  ba  drawn. 

2.  Set  B  data  ihov  that  in  certain  cases,  the  gel  coat  determined  the  behavior 
of  the  laminate  regardless  of  multiple  variable  changes. 

3.  Sets  A  and  B  show  that  identical  gel  coat  materials,  used  by  two  different 
manufacturer* ,  gave  substantially  different  results. 

4.  Low  temperature  fabrication  did  not  seriously  affect  the  blieter  resistance. 

5.  w  welling  blisters  occurred  on  many  samples.  Over  catalyzation  produced  them 
on  one  set,  where  tha  standard  was  free  from  then. 

4.  Swelling  blisters  occur  sore  commonly  In  thick  gel  coats. 

7.  Vet  glass  produces  large  blisters. 

8.  Iso/P G  based  gel  coats  performed  as  well,  if  not  better  than,  neoper.tyl 
glycol  containing  material. 

9.  The  data  indicates,  but  does  not  prove,  that  a  wide  variation  in  the  percent 
of  catalyst  used  did  not  affect  the  results.  There  is  evidence  to  suggest 
that  gel  coats  should  be  catalyzed  with  at  least  1.8  percent  HEKP  when  that 
catalyst  la  used. 

10.  The  blister  free  panels  were  prepared  under  laboratory  conditions  and  were 
much  smaller  in  size  than  the  panels  prepared  by  the  three  manufac turers  (96 
square  inches  vs  600  square  inches). 
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gcre  23b.  Gel  Coat  Swelling  Blisters,  Viewed  from  the  Surface,  on  Sample  A-l-1. 


Figure  23c.  Sub-Gel  Coat  Blisters,  Viewed  from  the  Surface,  on  Sample  C-5-A1. 


U.  Veter  Diffusion  Profiles  In  &>ated_si«LUncptttd. JEJLE*. 


Computer  software  has  been  developed  et  the  University  of  Phode  Island 
that  is  able  to  nodal  the  moisture  content  in  a  multi-layer  laminate  at  any 
depth  as  e  function  of  time.  The  programs  are  based  on  the  assumption  that 
Picks '  lavs  of  diffusion  holds  for  the  samples.  ‘Many  studies  have  shown  this 
to  be  a  valid  assumption. 

In  an  attempt  to  determine  the  effectiveness  of  a  typical  epoxy  based 
coating  system  in  keeping  moisture  out  of  a  hull,  six  different  cases,  all  at 
28*C,  were  studied  using  this  computer  software;  Case  1  -  laminate  with  a  20 
mil  orthophthalic  acid  based  polyester  gel  coat  over  the  seme  laminating 
resin,  exposed  to  water  for  200  hours;  Case  2  -  same  as  Ceee  1,  except  4000 
hours  exposure  to  water;  Case  3  -  in  piece  of  e  20  ail  gel  coat,  e  10  all 
epoxy  coating  is  used  end  the  sample  Is  exposed  for  200  hours;  Case  4  -  seme 
as  Case  3,  except  exposed  in  water  for  4000  hours;  Case  5  -  10  alls  of  epoxy 
over  a  20  mil  gel  coat  exposed  for  200  hours;  Case  6-10  mile  of  epoxy 
underneath  e  20  all  gel  coat  exposed  for  200  hours. 

Only  the  front  side  of  each  sample  was  assumed  to  be  exposed  to  water  et 
28.5*C.  The  beck  side  of  each  sample  is  assumed  to  see  ambient  conditions  of 
70  percent  relative  humidity  end  28.5*C.  The  best  available  diffusion 
coefficients  ere  assigned  to  each  layer  after  the  thickness  is  entered.  The 
computer  solves  the  diffusion  equations  for  the  times  assigned  and  prints  out 
the  diffusion  profile. 

Results  are  presented  in  figures  24  to  29.  Compering  the  results  after 
200  hours  of  immersion,  it  is  seen  that  using  10  mils  of  epoxy  in  place  of  a 
gel  coat  can  reduce  the  veter  content  et  the  costing,  back-up  resin  Interface, 
by  almost  half.  Using  an  epoxy  coating,  over  or  underneath  a  gel  coat,  will 
allow  almost  no  moisture  into  the  laminate  in  200  hours.  After  3000  -  4000 
hours  of  Immersion  in  water,  with  or  without  an  epoxy  coating,  the  sample 
becomes  almost  totally  saturated  with  water. 
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Figure  24.  Water 
Concentration  Profile  in 
Case  1  Composite.  2C0 
hours  at  28.5  ‘C. 
Isophthalic  Gel  Coat  on 
Crthophthal ic  Hesin. 
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Figure  23.  Via  ter 
Concentration  Profile 
in  Case  5  Composite.  2 
hours  at  23.5'C.  Epoxy 
Coating,  over  Iso  Gel 
Coat,  on  Crtho  P.esin. 
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Froa  these  results  it  is  concluded  that  an  epoxy  coating  will  perform  far 
better  than  a  fel  coat  in  keeping  noisture  out  of  a  hull  initially.  However, 
after  prolonged  exposure  to  water,  even  an  epoxy  coating  will  allow  the  hull 
to  saturate  with  water. 

These  water  profiles  are  for  continuous  storage  of  a  boat  in  water  at  the 

« 

temperature  given  (2S.5*C  -  88*F  -  very  warn  water).  Zf  the  average  water 
temperature  is  much  lower,  then  saturation  will  take  longer"* roughly  double 
the  tine  for  each  10*C  or  18*F.  Further,  if  the  boat  is  stored  on  land  during 
the  winter  months,  diffusion  of  water  will  reverse.  Hull  saturation  nay  never 
take  place  in  boats  that  are  land  stored  aany  aonths  each  year,  provided  the 
bilge  is  kept  dry  and  well  ventilated. 

Other  factors,  such  as  the  bond  and  the  atresses  developed  et  the  fc*ck*up 
resin  costing  interface,  pley  an  iaportent  role  in  deteraining  the  performance 
of  a  coating  eystea.  These  factors,  which  aay  even  alter  the  diffusion  of 
water  through  the  lsainate,  have  not  been  taken  into  account  in  this  computer 
software.  Also,  the  role  of  fillers  and  glass  reinforcement  have  not  been 
considered.  Interaction  effects  between  water  and  the  polymers  and  between 
coatings  and  the  polymers  era  also  ignored  for  this  modal.  They  are  important 
and  these  graphs  should  be  used  as  a  comparative  indication  of  the  role  of 
coatings  in  retarding  water  pick-up  by  laminates. 

The  200  hour  profiles  shown  in  figures  26  and  28  draw  attention  to  an 
Important  point  regarding  water  diffusion.  Diffusing  water  molecules  entsr  a 
polymer  from  a  surrounding  medium  any  time  the  partial  pressure  of  water  is 
greeter  in  the  medium  than  it  is  In  ths  polymer.  If  the  surrounding  medium  Is 
sir,  containing  some  water,  i.e.  at  some  relative  humidity,  and  the  polymer  la 
dry,  water  molecules  vill  leave  the  air  and  diffuse  into  the  polymer.  When 
the  water  concentration  in  the  polymer  reaches  an  equilibrium  level,  diffusion 
stops.  In  100  percent  relative  humidity  air,  the  water  level  in  the  polymer 
is  idsntical  to  the  water  level  obtained  by  Immersing  the  polymer  in  liquid 
water.  It  la  clear  than  that  the  hull  picks  up  water  from  the  Inside  of  the 
hull  as  well  as  froa  the  outside. 
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Providing  th«  relative  humidity  of  th«  air  stays  below  100  percent,  for 
long  periods,  innar  water  absorption  Is  not  a  problaa.  With  tins,  a  steady 
stats  gradient  of  water  will  exist  froa  saturation  at  the  gel  eoat  side,  to 
sons  lover  value  set  by  the  amount  of  water  in  the  air  at  the  back  side. 

a 

It  has  been  established  that  disk  cracks  can  only  font  in  a  polyester 
resin  if  the  resin  first  reaches  saturation.  Disk  cracks  initiate  blistering 
and  osmotic  cracking.  If  the  backside  of  the  resin  reaches  saturation,  disk 
cracks  will  form  throughout  the  hull  thickness.  Elis tars  or  osmotic  cracks 
will  then  fora,  leading  to  delaalnation  and  hull  damage . 

If  water  builds  up  in  the  bilge  and  stays  there  for  prolonged  periods,  the 
hull  will  saturate  and  disk  creeks  will  fora.  A  relatively  dry  inner  hull 
will  prevent  deep  damage .  The  conclusions  are  inescapable.  Bilge  dryness 
will  preserve  the  long  term  life  of  the  hull.  It  is  impossible  to  keep  water 
out  e  of  hull.  However,  if  the  bilge  is  designed  for  effective  water  removal 
end  provisions  ere  made  for  air  circulation,  tha  innar  hull  should  be 
protected  from  water  damage  indefinitely.  For  these  reasons  and  because  of 
the  severe  leaching  damage  caused  by  free  vatar  on  the  Inside  of  the  hull 
(discussed  in  section  7),  bilge  dryness  and  ventilation  is  critical. 


12.  aging  ML  Ziiai  s&  Basalt 

A  aeries  of  drying  studies  were  conducted  for  two  reasons. 
Recommendations  for  boat  repair  must  include  a  drying  schedule  for  a  hull. 
Also,  for  our  tests  on  repair  techniques,  a  drying  procedure  had  to  ba 
established. 

After  the  gel  coat  has  been  removed  from  a  badly  blistered  hull  and  the 
surface  has  been  thoroughly  washed,  the  boat  must  bs  dried  before  repair  can 
begin.  Guidelines  have  been  developed  froa  our  experiments  on  drying  rates, 
diffusion  coefficients  and  saturation  experiments. 


A  boat  hull,  Which  had  blistered  in  uss,  vu  cut  up  with  «  ssv  into  smell 
panels.  The  pens  Is  were  soaksd  In  water  for  several  wstks  and  then  rspsirsd 
as  described  in  ssetion  14  of  this  report.  Before  repair  could  begin,  the 
drying  characteristics  of  the  hull  material  had  to  be  evaluated.  Some  panels 
mere  backed  with  a  core  material  which  held  free  water.  During  drying,  the 
free  surface  water  evaporates  very  quickly.  This  gives  a  high  initial  slope 
to  the  drying  curve.  Following  that  initial  drying,  the  hull  material  then 
dries  by  diffusion  of  absorbed  water  out  of  the  hull  structure.  As  shown  in 
figure  30,  When  the  free  water  ia  subtracted  from  the  water  loss,  it  contains 
about  1  parcant  water.  It  takes  hundreds  of  hours  to  reach  total  drynaaa. 

Data  on  twanty  other  sections  confirms  the  total  absorbed  hull  water  to  be 
equal  to  about  1  percent  end  the  total  drying  time,  even  in  a  forced 
convection  drying  oven,  at  65*C,  ie  in  the  order  of  300  hours. 

In  practice,  removal  of  all  the  water  from  the  hull  would  be'  Impossible. 

If  the  water  content  is  brought  below  0.5  percent  by  weight,  the  reoccurrence 
of  blisters  will  be  significantly  delayed.  The  difficult  problems  for  the 
repairer  ia  knowing  how  long  drying  should  take  place  In  order  to  reach  a 
wster  content  of  0.5  percent.  There  ere  several  procedures  which  can  bo 
considered. 

12.1  Moisture  meters 

A  moisture  meter  applies  a  radio  frequency  field  to  the  area  being 
studied.  This  field  is  nondestructive.  The  moisture  content  is  measured  by 
electronically  assessing  a  change  In  capacitance.  The  capacitance  of  the  hull 
depends  on  the  dielectric  constant  of  the  hull  material.  For  a  given 
frequency  the  cepecitence  is  some  function  of  water  content.  The  meter  uses 
two  scales:  Scale  A,  for  use  with  polymers,  including  boat  materials,  and 
less  dense  materiala  end  acale  B,  for  use  with  materials  such  as  brick,  atone 
end  concrete. 
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Figure  3Q  natural  drying  of  laminate 
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Moisture  meters  reeding  ere  not  ebsolute  values  of  moisture  content  end 
must  be  used  with  extreme  cere.  Two  moisture  meters  were  obteined  end  tested. 
Two  seturated  laminates  were  dried  in  a  circulating  oven  at  150*F  till  dry. 
Weight  and  moisture  meter  readings,  using  both  meters,  were  taken 
periodically.  Results  are  given  in  Figure  31,  showing  weight  percent  water 
measured  using  both  moisture  meters  vs  the  actual  weight  percent  of  water 
inside  the  laminate.  It  can  ba  seen  that  there  are  no  apparent  differences 
between  the  two  moisture  meters. 

In  an  attempt  to  calibrate  the  moisture  meter  for  hull  materials,  two 
different  samples  were  studied;  a  sample  with  a  gelcoat  and  a  sample  without  a 
gel  coat.  The  sample  with  a  gelcoat  was  immersed  in  water  at  65*C  for 
approximately  one  month  and  then  soaked  in  cold  water.  The  staple  with  no  gel 
f 'feoat  was  placed  in  water  at  65*C  for  one  week.  Both  samples  ware  seturated. 
They  were  then  oven  dried  in  a  circulating  oven  at  65*C.  Weight  end  moisture 
meter  readings,  using  scales  A  and  B,  were  taken  periodically  until  they  were 
completely  dried.  The  data  is  glvan  in  figures  32  through  35. 

Although  both  scales  respond  to  changes  in  moisture  content,  the  reeding 
must  be  calibrated  to  obtain  a  moisture  content,  scale  A  is  more  sensitive  to 
changes  in  moisture  content  while  the  reading  on  scale  B  are  closer  to  actual 
moisture  velues  especially  in  the  latter  stages  of  drying. 

Data  measured  on  the  rate  of  drying  indicates  that  both  the  scales  drop 
off  quickly  at  early  stages  of  drying.  During  drying,  the  surface  dries  first 
and  the  interior  dries  after  a  longer  time.  Since  meter  values  dropped  off 
quickly  initially,  this  suggests  that  surface  moisture  has  the  largest  effect. 
Readings  on  scale  B  did  not  drop  off  as  quickly  as  for  scale  A,  for  either 
sample,  which  suggests  that  scale  B  applies  a  field  which  penetrates  the 
sample  more  deeply  than  scale  A.  Scale  B  duplicates  the  actual  moisture 
content  much  more  closely  than  does  scale  A,  especially  after  the  sample  is 
partially  dried. 
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Figure  31,-moisture  meter 
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Figure  33. -moisture  meter  calibration 

(with  gel  coat) 


Figure  34. -moisture  meter  calibration 

(no  gel  coat) 
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On*  of  the  a ost  significant  observations  from  the  date  shows  that  the 
seel*  readings  ha-nj  limitations.  The  relationship  between  the  reading  and 
moisture  content  is  non* linear.  The  meter  readings  never  reach  sero  percent 
even  when  the  composites  are  totally  dry.  Another  important  factor  is  that 
the  readings  are  relative  rather  than  absolute  and  the  readings  also  depend  on 
the  amount  of  contact  between  the  meter  and  the  hull.  Measurements  should  be 
considered  over  various  points  in  a  specified  area  and  taken  as  averages  t'er 
better  accuracy.  The  two  fully  saturated  hull  materials  prepared  by  us  have 
watei  contents  of  1.5  to  3.5  percent.  Field  readings,  using  moisture  meters, 
have  been  reported  as  much  as  20  percent  and  more.  These  values  are 
misleading  and  probably  are  taken  on  the  manufacturer's  recommended  scele  A. 
Several  boats  examined  by  us  after  winter  drying  showed  moisture  contents  of 
0.15  to  0.2  percent  using  scele  8.  Readings  taken  near  the  rudder  and  engine 
<"tnre  affected  by  the  underlying  aetal  and  gave  spurious  results.  Scale  B 
readings  varied  from  0.3  to  0.6  percent  while  A* scale  readings,  in  the  same 
area,  ranged  from  3  to  17  percent.  Readings  on  a  boat,  which  had  never  been 
in  the  water,  were  0.2%  on  the  B  scale  and  2  to  10%  on  the  A  scale. 

■fciven  the  limitations,  the  drying  process,  at  least  at  shallow  depths,  can 
be  followed  vising  commercial  moisture  meters.  The  reading  the  moisture  meter 
are  not  true  moisture  content.  When  the  readings  reach  a  constant  value,  only 
the  surface  is  approaching  dryness.  The  interior,  which  must  be  dried  below 
the  saturation  level,  could  still  be  water  laden.  Therefore,  while  the  meters 
are  useful,  they  should  not  be  relied  upon  to  determine  the  duration  of  the 
drying  process. 

12.2  Recommended  Drying  Procedures: 

The  safest  method  for  determining  the  drying  time  of  a  hull  is  to  take  a 
plug  sample  from  the  hull.  Cut  a  1  mm  slice  (transverse  to  the  gel  coat)  from 
the  sample  and  dry  It  at  100*F  until  a  constant  weight  value  is  obtained. 

This  should  'ake  about  20  hours.  Tc  find  the  weight  percent  of  water  in  the 
laminate,  use.  the  follcving  relationship: 

Starting  wt.  -  Dry  wt. 
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- _ _ _  X  100  -  vt.  percent  water 

starting  vt. 

It  la  important  that  the  core  aaaple  be  sectioned  as  soon  as  it  is  cut.  The  1 
am  slice  should  be  weighed  and  dried  as  soon  as  it  is  sectioned,  otherwise 
erroneous  results  vill  be  obtained. 

a 

The  edges  of  the  core  saaple  must  be  coated  with  2  or  3  layers  of  an  epoxy 
to  cut  down  edge  losses.  This  sample  should  be  held  at  the  sane  conditions  as 
those  to  be  used  for  hull  drying.  The  hull  sample  should  be  weighed  each  day 
until  no  nore  than  0.5  percent  water  remains  In  the  hull  sample.  While  e 
totally  dry  hull  would  be  ideal,  the  drying  time  would  be  so  long  that  it 
would  be  impractical.  A  safe  level  for  repair  is  a  maximum  of  0.5  percent 
water . 

To  find  this  target  weight  follow  this  procedure: 

1.  Weigh  the  plug  sample  (Wp) .  A  2*  plug  should  weigh  about  30  grams.  Wp 
-  30  gms . 

2.  Coat  the  edges  with  epoxy  (e)  end  reweigh  to  get  the  weight  of  the 
epoxy  +  plug.  (Wp  +  e  -  30.3  gms). 

3.  Subtract  to  get  the  epoxy  weight.  (Wp  +  e)  -Wp  -  W. 

(W,  -  0.3  gms) . 

4.  Multiply  the  plug  weight  by  the  percent  of  water  (tv)  found  from  the 
slice  drying  experiment  to  find  the  weight  of  water  in  the  plug  sample 
(W„) .  The  percent  of  water  should  range  f ron  0 . 6  percent  to  6  percent 
depending  upon  the  condition  of  the  hull,  (tv  '  Wp  -  W„.  As  an 
example,  e  30  gram  plug,  with  3  percent  water  will  yield  0.9  grams  of 
water.  (.03)  (30)  -  0.9  grams  water. 

Subtract  this  water  weight,  w„,  from  the  weight  of  the  plug  (Wp)  to  get 
the  weight  of  the  dry  hull  materiel  (Wc) . 
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<Wp  ‘  WJ  -  »D  or  30g  -  0.9g  -  29.1  gms. 


6.  Take  0.5  percent  of  this  weight  to  find  the  amount  of  water  which  ia 
permissible  to  be  left  in  the  hull  (Vstw). 

«3iw-  <W»)  •  (0.5%)  <29.1)  (.005)  -  . 1455g. 

7.  Add  this  weight  (Watw)  to  the  dry  weight  (Vo)  and  to  the  weight  of  the 
epoxy  to  get  the  target  drying  weight  for  the  core  sample. 

Target  weight  -  Vsx  +  V0  +  V. 

Target  weight  -  <0.1455g)  +  (29. Ig)  +  (0.3g)  •  29.5455g 

The  epoxy  edge-coated  core  sample,  weighing  30.3  grams  must  be  held  under  the 
hull  drying  conditions  until  it  weighs  29.5455  grams. 

This  is  a  two  sided  drying  condition.  The  plug  is  losing  water  from  both 
the  gel  coat  side  and  the  bilge  side.  The  hull  drying  conditions  must 

*  The  bilge  must  be  exposed  to  circulating  and  dehumidifying 

conditions . 

12.3  pjt.goTOntpdeOrylRg  times: 

For  those  repairers  vho  do  not  wish  to  core  the  hull  or  for  those  who  do 
not  have  the  analytical  balances  necessary  to  conduct  the  weighing 
experiments,  the  following  drying  times  are  recommended  based  on  our 
experimental  drying  results.  These  recommendations  are  for  fiberglass- 
polyester  hulls  that  do  not  contain  wood  or  foam  layers  inside  the  hull.  The 
hull  section  must  not  be  more  than  1/2"  thick.  They  are  also  for  two  sided 
drying  conditions,  i.e.  good  circulation  of  dry  air  inside  the  bilge. 

Dry  the  hull  for  16  days  at  100*F  if  the  relative  humidity  of  the  air  is 
approximately  50  percent;  or  for  32  days  at  83*F,  or  for  64  days  at  65*F,  or 
for  128  days  at  47*F.  The  following  times  can  be  used  if  the  relative 
humidity  is  kept  at  25  percent.  Nine  days  of  drying  are  needed  at  100*F,  18 
days  at  83*F,  36  days  st  65*F  and  72  days  at  47*F, 
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Th«  above  are  average  figure*  expected  to  serve  as  a  guideline  for  fiber 
glass  hulls  with  orthophthalic  and  lsophthalic  acid  based  resin  matrix 
materials.  The  drying  muse  be  continuous  at  these  conditions  and  should  not 
be  started  until  thorough  washing,  and  rinsing  of  the.  prepared  surface  has  been 
completed. 

13.  Tvnes  of  Coatings  Investigated 

A  coating  is  a  material  applied  over  a  substrate  material  to  serve 
aesthetic  and/or  protective  purposes.  Typically,  a  coating  applied  to  a  boat 
hull  must  serve  both  these  purposes. 

To  have  aesthetic  value,  the  coating  must  be  (1)  colorable  in  a  vide  range 
of  colors,  (2)  have  high  gloss,  (3)  be  durable  under  the  conditions  used,  and 
(4)  be  weather  and  UV  resistant.  In  most  cases,  the  coating  must  also  be 
easily  applied  and  economical  (6). 

Of  greatest  importance  to  marine  applications,  the  coating  must  protect 
the  fiberglass  reinforced  polyester  substrate.  To  protect  the  substrate  the 
coating  must  have  the  following  characteristics: 

1.  Toughness .  The  coating  should  "absorb”  some  of  the  stresses  imparted 
to  the  laminate,  therefore  protecting  the  substrate  from  physical  damage. 

2.  Durability.  It  should  maintain  all  its  characteristics  under  the 
conditions  of  use  for  a  reasonable  amount  of  time.  This  includes  color, 
gloss,  surface  appearance,  physical,  chemical  or  mechanical  properties. 

It  must  not  undergo  physical  or  chemical  breakdown  such  as  cracking, 
peeling  or  blistering. 

3.  Compatible  Mechanical  Properties.  The  coating  must  have  adequate 
strength  and  be  compatible  with  the  substrate.  Hatching  of  the  modular  of 
elasticity  (E)  of  the  coating  and  the  substrate  will  minimize  the  stresses 
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at  the  interface.  For  example,  If  the  coating  has  a  higher  modulus  of 
elasticity  <£)  than  the  substrate,  then,  under  a  given  load,  the  substrate 
will  defora  aore  than  the  coating  (see  Fig.  36).  This  will  result  in  a 
differential  stress  at  the  interface  of  magnitude 

AE 

E,£„ 


If  the  bond  between  the  coating  and  substrate  is  poor,  this  mey  lead  to 
peeling  of  the  coating  or  coating  blisters.  However,  if  the  bond  is  good, 
this  will  lead  to  the  generation  of  tensile  stresses  in  the  coating  which 
aay  be  relieved  by  cracking  of  the  coating. 

If  the  aodules  ef  the  coating  is  less  than  that  of  the  substrates  (Case  2) 
then  the  reverse  situation  will  result.  The  magnitude  of  the  stress  at 
the  eoating/subs  crate  interface  will  still  be  AE/EjEj.  In  this  ease  the 
coating  will  deform  aore  than  the  substrate  under  a  given  load.  Again,  if 
the  bond  between  the  two  is  poor,  this  aay  result  in  the  coating  debonding 
from  the  substrate.  However,  if  the  bond  is  strong,  it  will  generate 
tensile  stresses  in  the  substrate,  below  the  Interface.  This  could  result 
in  crack  formation,  in  the  substrate. 

4.  Swelling  and  Thermal  Expansion.  Compatibility  of  these  parameters 
with  the  substrate  is  important  to  ainiaize  stresses  produced  at  the 
coating/substcate  interface.  Just  as  a  load  can  change  the  dimensions  of 
e  materiel,  heating  or  swelling  can  also  change  the  volume  of  a  material. 
Therefore,  the  thermal  coefficient  and  the  swelling  coefficient  must  also 
be  compatible. 

The  analogy  can  be  aade  to  two  different  materials  of  different  thermal 
coefficients  of  expansion  a  (see  Figure  37).  At  a  given  temperature,  if 
the  coating  has  a  lover  thermal  coefficient  of  expansion  than  the 
substrate,  this  would  be  analogous  to  Case  1.  However,  if  the  substrate 
has  a  lower  thermal  coefficient  of  expansion  than  the  coating,  the 
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stresses  produced  can  be  described  by  Case  2. 


Differential  swelling  between  the  coating  and  substrate  also  leads  to 
interfacial  stresses.  Every  polymer,  depending  on  its  composition  and 
molecular  structure,  absorbs  different  amounts  of  water  at  different 
rates.  Each  polymer  responds  differently  to  different  amounts  of  water  by 
swelling.  This  is  shown  in  Figure  38.  The  slope  of  these  lines  can  be 
described  es  the  "modulus  of  swelling*  or  "coefficient  of  swelling*. 

The  stress  produced,  at  the  interfece,  between  two  different  materials,  of 
different  * moduli  of  swelling”,  cannot  be  described  es  simply  as  in  the 
other  ceses.  Another  peraaeter  must  be  introduced.  This  is  water 
concentration.  * 

Exposed  under  identical  conditions,  different  polymers  will  absorb 
different  amounts  of  water.  If  two  polymers  ere  put  together,  as  a 
coating  over  polyester  resin,  at  equilibrium  or  non-equilibrium 
conditions,  there  will  be  e  step  jump  in  the  concentration  of  water  at  the 
interface . 

The  way  stresses  can  be  produced  at  the  interface  can  be  summarized  by  the 
three  following  situations  using  Figure  38. 

Case  I- -The  coating  and  the  substrate,  at  the  Interface,  have  the  same 
concentrations  of  water  (highly  unlikely) .  The  differential  swelling 
would  be  Al  and  the  stress,  as  a  result,  would  be  proportional  to  AI. 

Case  II --The  substrate  contains  less  water  then  the  coating  at  the 
Interfece.  The  differential  swelling  at  the  interfece  would  be  All,  which 
is  also  proportional  to  the  stress.  This  situation  would  lead  to  a  larger 
stress  produced  at  the  interface  than  In  Case  I. 

Case  111- -The  substrate  contains  Rore  water  than  the  coating  at  the 
interface.  This  leads  to  a  lover  stress  produced  at  the  interface  than  in 
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Material  2 


t 


Figure  36.  Strain  vs.  Stress 


Water  Content  (%) 

Figure  38.  Percent  Swelling  vs.  Percent  Water  Content 


Case  I. 


Case  III  is  oost  favorable,  from  this  Is  can  be  seen  that  If  two  materials 
are  chosen  very  carefully,  stresses  due  to  differential  swelling,  can  be 
minimized  significantly  or  eliminated  completely. 

If  the  coating  swells  less  than  the  substrate  then  the  stresses  produced 
at  the  interface  can  be  described  by  Case  1.  However,  If  it  swells  more 
than  the  substrate  then  it  would  be  analogous  to  Case  2. 

This  type  of  swelling  appears  to  be  very  important  in  blistering.  As  the 
coating  tries  to  swell  it  Is  constrained  by  the  interfacial  bond.  It 
creates  a  surface  waviness.  Under  the  crests,  a  tensile  field,  normal  to 
the  surface,  can  aid  In  Initiating  disk  crscks  and  blisters  just  below  the 
interface . 

5.  Hydrolytic  Stability  The  coating  must  be  stable  in  water  In  order  for 
it  to  be  able  to  act  as  a  barrier  coat  against  water  permeation  into  tile 
underlying  laminate.  Hydrolytic  stability  is  largely  governed  by  the 
number  of  hydroxyl  groups  and  aster  linkages,  in  the  polymeric  matrix, 
that  would  be  susceptible  to  attack  by  water  (7).  Coatings  that  are 
hydrolytically  more  stable  are  less  prone  to  degradation  and  hence  will 
serve  more  effectively  in  protecting  the  substrate.  Water  soluble 
materials,  undercure,  stresses,  and  fillers  play  an  important  role  as  veil 
in  water  permeation  and  hydrolytic  stability. 

6.  Low  Shrinkage  on  Curing.  Shrinkage  must  be  low  in  order  to  minimize 
shrinkage  stresses  at  the  coating/substrate  interface.  Once  a  coating  is 
applied  over  the  reinforced  polyester  resin  substrate,  some  chemical 
bonding  begins  to  take  place  between  the  two.  This  sets  the  costing 
essentially  into  place  at  this  point.  As  the  costing  continues  to  cure  or 
dry  it  wants  to  shrink  but  it  is  partially  constrained  by  the  chemical 
bond  with  the  polyester  resin.  This  constraint  imposes  a  tensile  stress, 
in  the  coating,  above  the  interface.  Shrinkage  stresses  may  lead  to 
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microeraek  formation  is  the  coating. 


All  the  properties  discussed  ere  important  in  selecting  «  costing.  The 
major  interests  of  the  study  ere  the  protective  properties  of  the  costing 
egeinst  water  peraestion  end  blistering. 

It  must  be  noted  that  thermal  and  water  concentration  gradients  almost 

a 

always  exist  through  a  laminate.  This  is  particularly  true  for  a  boat 
hull.  The  inside  of  the  hull  is  exposed  to  the  bilge  end  sees  different 
temperature  and  humidity  conditions  than  the  outside  of  hull  which  is 
exposed  to  water  and  the  atmosphere.  These  gradients  alone  in  a  material 
can  cause  micrecracking  or  aid  diffusion. 

13.1  Components  of  e  Coating 

Coatings  may  be  clear  single  phase  materials  or  comprised  of  a  continuous 
phase  and  a  discontinuous  phase.  All  paints  are  two  phase  materials.  The 
continuous  phase  is  comprised  of  a  polymer  or  a  binder  that  forms  a  continuous 
film  on  curing  by  reacting  with  itself  or  by  releasing  a  solvent  or  a  diluent. 
The  film  forming  polymer  is  what  protects  the  substrate  (6) . 

The  solvent  or  diluent  provide  the  means  by  which  the  coating  is  applied 
(6) .  Xn  some  cases  the  solvent  can  be  incorporated  into  the  polymer  film  as 
in  the  case  of  styrene  in  polyester  resin. 

The  discontinuous  phase  includes  additives  such  as  flowing  agents, 
catalysts  etc.;  primary  pigments  which  are  fine  particulate  organic  or 
inorganic  compounds  (they  give  opacity,  color  and  anticorrosive  properties  to 
the  coating)  and  extenders  which  are  coarse  inorganic  compounds  that  give  the 

coating  opacity,  sanding  properties  and  they  lower  the  cost  of  the  coatings 
significantly  (6). 


I 

I 

* 
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13.2  Curing,  pf-Suatlng* 

Curing  of  a  paint  or  *  solvent  based  coating  takas  place  through 
evaporation  of  the  solvent.  On  drying,  the  fila  converts  froa  a  low  molecular 
weight  polymer  to  a  highly  crosslinks^  three  dimensional  network. 

Cure  of  solventleas  coatings --such  as  epoxies,  polyester  resin,  two-part 
polyurethanes,  etc.,  takes  place  through  the  reaction  of  constituents  in  the 

a 

fils  and  is  begun  by  the  addition  of  a  catalyst  or  a  curing  agent  (€). 

Solvent  based  coatings  have  the  disadvantage  that  their  early  life 
properties  are  determined  by  the  presence  of  the  solvent.  These  properties 
include  hardness,  flexibility  and  water  permeation  (6),  These  properties 
change  as  the  last  portion  of  solvent  Is  lost.  The  volume  change,  on  setting, 
of  these  coatings,  is  much  greater  than  solventless  costings. 

13  3  Coating  Types 

Six  different  types  of  coatings  have  been  selected  for  evaluation  of  their 
resistance  to  water  permeation,  blistering,  end  hydrolysis.  They  are  the 
following: 

1.  polyester  gel  coat 

2 .  epoxies 

3.  polyurethane 

4.  phenolic  resin  spar  varnish 

5.  alkyd  enamel  based  bottom  paints 

6.  antifouling  paint. 

A  brief  description  of  their  properties  end  chemistry  will  be  given  below, 
1.  Polyester  Gel  Coats 

If  an  organic  acid  is  reacted  with  an  organic  base  an  ester  is  formed.  If 
the  reaction  produces  e  chain  molecule  with  many  units  joined  at  ester 
linkages,  the  materiel  is  known  as  a  polyester.  A  great  degree  of  freedom  Is 
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possible  in  forming  polyesters  chains.  Many  acids  (orthophfchalic , 
isophthalic ,  maleic,  fuaaric ,  etc.)  end  glycols  (OH  containing  organic  bases), 
with  various  hydrolytic  properties,  can  also  be  used.  If  the  polyester  is  to 
be  used  for  asking  a  gel  coat  or  resin,  the  number  of  carbon  double  bonds, 

1. e.  the  degree  of  unsaturation,  can  be  varied.  This  controls  aany  of  the 
resin's  properties.  These  double  bonds  reset  with  the  styrene  or  other 
monomers  to  crosslink  the  polyester  liquid  into  a  solid  boat  building 
aaterial.  The  reaction  is  begun  by  addition  of  catalyst  to  the  resin. 

If  isophthalic  acid  is  used  rather  than  orthophthalic  acid,  the  ester 
linkage  is  less  susceptible  to  water  attack  but  it  allows  water  to  diffuse 
acre  rapidly.  In  asking  the  resins,  the  degree  of  unreacted  aaterial  and  the 
amount  of  impurities  can  have  an  iaportant  effect  on  the  hydrolytic  stability 
of  the  resin.  This  can  out  weigh  the  effects  of  various  chemicals  used  In 
building  the  polyester  chains. 

A  typical  gal  coat  material  has  a  thixotrope  added,  usually .colloidal 
silica,  to  prevent  run-off  of  the  material  once  it  is  sprayed  onto  the  mold 
surface.  Extenders  are  added  to  some  materials  and  these  can  effect  water 
absorption  properties.  To  color  Che  gel  coat  various  pigments  are  added.  Thu 
finished  product  is  then  catalyzed  and  sprayed  or  rolled  onto  the  surface  to 
form  the  outer  surface  of  the  boat  hull. 

2.  Epoxies 

In  the  marine  industry  today,  epoxy  bssed  coating  materials  are  widely 
used  and  suggested  for  the  repair  of  a  blistered  boat.  Increased  usage  of 
epoxies  stems  from  their  excellent  properties.  These  include  outstsnding 
mechanical  properties,  toughness,  rigidity,  excellent  chemical  resistance, 
particularly  to  alkalies  (8),  thermal  and  hydrolytic  stability,  relatively  low 

permeability  to  water,  low  shrinkage  on  curing  (9)  and  good  adhesion  to  a  vide 
variety  of  substrates  (10). 

y°v 

Epoxy  resins  are  characterized  by  their  epoxide  groups  R-CH'-  '  CH2  (9). 


Cure  of  epoxy  retina  usually  tokos  place  with  the  addition  of  an  mine  based 
curing  adduct,  which  is  typically  six  weight  percent  of  the  epoxy  resin  (8). 
Cure  of  the  epoxy  resin  takes  piece  through  reaction  of  taint  groups  with 
terminal  epoxide  groups.  The  reaction  is  described  es  follows: 

R  -  CH  /N  C  «2  +  «2H  -*  R-dP-  CH^  NH  (13.1) 

The  reaction  between  the  two  does  not  release  an^  volatiles  or  water  (9). 

A  vide  variety  of  epoxy  resins  end  curing  agents  are  available  and 
therefore,  following  cure,  epoxies  with  a  broad  range  of  properties  can  be 
formulated.  Epoxide  groups,  which  are  chemically  very  inert,  impart  the 
polymer  with  good  chaaicel  resistance.  Aromatic  groups  in  epoxy  resin  also 
Increase  chemical  resistance  (9).  Toughness  comes  from  the  vide  spacing 
between  epoxide  and  hydroxyl  groups  and  by  lowering  the  degree  of  crosslinking 
in  the  cured  polymer  (9) .  Rigidity  comes  from  aromatic  groups  crosslinking 
(11) .  By  replacing  aromatic  groups  with  aliphatic  or  cycloaliphatic  groups 
the  flexibility  of  the  cured  polymer  increases  (10,11).  Aromatic  rings  end 
amide  linkages  give  good  thermal  stability.  Good  adhesion  comes  from  the 
polar  hydroxyl  groups  that  always  remain.  Finally,  shrinkage  during  cure  can 
be  reduced  by  lowering  the  crossllhklng  density  (11). 

One  disadvantage  of  epoxies  is  that  during  curing,  in  high  humidity 
conditions,  s  chemical  blush  forms  on  the  surface  (12).  This  is  a  sticky 
tacky  layer  that  can  be  removed  easily.  Impurities  such  as  water,  organic 
aolvent  and  inorganic  salt  alter  the  curing  and  physical  properties  of 
epoxies.  Another  disadvantage  of  epoxies  is  that  they  are  difficult  to  work 
with.  Amines  are  skin  irritants.  They  must  be  handled  with  care  and  used 
with  adequate  ventilation. 

There  are  two  types  of  epoxy  based  coatings,  solvent  and  solventless. 
Solventless  epoxies  are  characterized  by  short  pot  life,  25  -  30  min,  and  high 
viscosity  (9).  Usually  a  nonreactive  diluent  is  used,  such  ss  pine  oil, 
dibutyl  phthalate,  xylene  or  a  reactive  diluent  such  as  butyl  glycldyl  ether. 
(8).  To  lengthen  the  pot  life  of  these  epoxies,  e  ketamine  curing  agent  la 


sometimes  used.  Ketamines  are  forced  by  Che  reaction  between  a  polyeaine  end 
a  ketone  solvent  (8) . 

In  solvent  based  coatings,  cure  takes  plar.e  through  evaporation  of  the 
solvent.  Typical  solvents  used  era  xylene,  sec-butanol  or  e  mixture  of  the 
two.  <8). 

* 

Other  additives  can  be  incorporated  into  epoxies  such  as  coal  tar  pitch 
(8).  Coal  tar  epoxies  ere  claimed  to  have  excellent  chemical  resistance  low 
permeability  to  water,  good  adhesion  end  high  flexibility  (8).  Coal  tar 
epoxies  usually  contain  e  lover  molecular  weight  epoxy  resin  (8).  Cure  tekes 
piece  by  addition  of  an  amine  curing  egent.  Meny  times,  the  coal  tar  pitch  is 
incorporated  into  the  curing  agent  because,  even  though  coal  tar  pitch  is 
< 'considered  unreaccive,  it  may  contain  phenolic  hydroxyl  groups  that  can  raact 
with  epoxide  groups  (8).  Coal  tar  epoxies  usually  contain  60  to  65  percent 
coal  tar  pitch  (8).  Higher  contente  of  coal  tar  lead  to  coatings  of  poorer 
chemical  resistance  (8) . 


2.  Polyurethane 

Polyurethane  based  coatings  are  accepted  for  their  good  chemical,  solvent 
and  abrasion  resistance,  excellent  toughness  and  flexibility  end  good  heat  and 
hydrolytic  stability  <13,14,15). 

0 

M 

Polyurethanes  ere  identified  by  the  urethane  bond,  NH  -C-o. 

Polyurethane  based  coatings  may  contain  other  functional  groups  such  as 
esters,  ethers,  ureas,  amides,  epoxies  etc,.  Polyurethane  is  formed  by 
reaction  of  an  polyisocyanate  with  a  hydroxyl  containing  compound.  The 
reaction  is  described  as  follows: 

0 

SBC  -  R1OH  -  RNHCOCR1 . 

Commercially  available  polyurethanes  contain  about  10  percent  di-  or 


62 


polyisocyantes  and  di  *  or  polyhydrcxyl  compounds  (17). 

S  and  R1  groups  can  be  chosen  to  tailor  f lias  with  variable  properties. 

R*  groups  based  on  terephthelic  and  phthallc  acid  give  harder  coatings  (18). 
Aromatic  polyurethanes  have  tendencies  of  yellowing  in  sunlight,  while  those 
Bade  with  aliphatic  polyisocymafces  do  not.  They  also  have  better  resistance 
to  hydrolysis  and  heat  degradation  (19).  , 

Polyurethanes  are  classified  into  six  basic  categories  according  to  the 
curing  mechanism  (20).  Four  of  the  six  classes  are  one  part  polyurethanes . 

The  core  of  type  one  polyurethanes  Is  baaed  cm  drying  oils.  Type  two  is  based 
on  a  aclsture  cure .  Type  three  cure  only  takes  place  at  alavatad  temperatures 
and  type  air  curing  is  based  on  preheated  urethane  polyaers.  For  types  four 
end  five  cure  takes  piece  through  the  addition  of  e  curing  agent.  For  e  type 
four  polyurethane ,  the  base  is  an  Isocyanate  terminated  polymer  and  the  curing 
agent  is  a  di  or  poly  functional  hydroxyl  containing  compound.  For  a  type  five 
polyurethane .  the  base  is  a  hydroxyl  terminated  polymer  and  the  curing  agent 
is  a  di  or  poly functional  isocyanate  containing  compound.  Type  five 
polyurethanes  are  aost  commonly  used  for  marine  applications  because  they  have 
the  best  moisture  barrier  properties .  (S) . 

Like  epoxies,  polyurethanes  are  also  skin  irritants  and  Bust  be  handled 
with  care  and  used  with  adequate  ventilation. 

4.  Fhenolic  Resin  Spar  Varnish 

Phenolic  resin  based  spar  varnishes  are  claimed  to  have  very  high 
resistance  to  water  and  alkalies.  On  curing  they  fora  very  hard  glossy  films 
(21) .  One  disadvantage  of  these  coatings  is  that  they  yellow  with  exposure  to 
sunlight  (22).  Incorporation  of  other  resins  can  lead  to  more  flexible 
coatings  that  are  less  susceptible  to  discoloration  (23). 

Fhenolic  resins  are  produced  by  reacting  phenol  with  formaldehyde  in 
combination  with  other  resins  (24).  A  drying  oil  is  used  to  dilute  the  resin 
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so  It  csn  applied  end  cured,  Modified  wood  or  linseed  oils  give  high 
resistance  to  water  and  are  used  in  varnishes.  For  marine  application,  the 
re-  sin  is  Modified  rosin  oil  and  the  diluent  la  aromatic  or  white  spirits 
(24), 

Thera  are  two  basic  types  of  phenolic  resins,  novalacs  and  resoles, 

Hovalacs  are  thermoplastics.  For  novalaks,  the  phenol  used  la  substituted  on 
the  para  position  by  alkyl  groups.  Resoles,  on  the  other  hand,  are  thermo¬ 
setting.  The  phenol  is  substituted  in  both  the  ortho  and  para  positions  and 
therefore  resoles  are  more  crosslinked  than  novalacs.  Resoles  are  used  in 
varnish  paint  formulations.  (26). 

5.  Alkyd  Enamels 

i  * 

Alkyd  raslns  or  enamels  ara  formed  from  polyesters  derived  from  vegetable 
oil  triglycerides  or  polyols  such  ss  glycerol  and  dibasic  acids  or  their 
anhydrides,  such  as  phth&lic  anhydride  or  orthophthalic  acid  (27).  An  oil  or 
oil  derived  fatty  acid  la  chemically  combined  into  tha  polyeater  structure 
(28).  The  oil  length  is  characterized  as  short,  medium  or  long,  depending  on 
the  molecular  weight  (29).  Long  and  medium  length  oils  are  used  in  the  aarine 
industry  because  they  give  more  durable,  tougher  and  better  moisture  resistant 
films  (30) .  Aromatic  acids  such  as  phthallc  or  maleic  anhydride  make  the 
coatings  more  flexible.  Isophthailc  sclds  give  mere  harder  and  durable  films 
and  batter  drying  characteristics  (34). 

Cure  of  alkyd  enamels  takes  place  through  evaporation  of  the  solvent  phase 
which  is  typically  white  spirits  or  some  other  aromatic  solvent  (32). 

Disadvantages  to  alkyd  enamels  are  that  they  absorb  appreciable  amounts  of 
wster.  This  results  in  significant  swelling  of  the  costing  which  may  lead  to 
coating  blisters  (33).  An  important  new  class  of  alkyd  enamels  are  blends 
which  contain  some  amount  of  urethane  and/or  silicone  to  give  improved 
properties. 
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6.  Antifouling  Faint 


Antifouling  paints  are  applied  to  the  bottom  of  a  boat  hull  to  prevent 
attachment  of  marine  organisms  and  plants  such  as  seaweed.  Fouling  on  a  hull 
significantly  increases  drag  on  the  boat  and  hence  fuel  consumption.  In  some 
cases,  fuel  consumption  may  be  increased  as  much  as  30  percent  (34). 

s 

Antifouling  paints  are  comprised  of  a  soluble  phase  and  an  insoluble 
matrix.  The  insoluble  constituent  may  be  an,  epoxy,  vinyl,  alkyd  or  phenolic 
resin,  the  soluble  component  is  what  prevents  fouling.  Popular  antifoulants 
are  cuprous  oxide,  which  may  be  as  much  as  75  percent  of  the  paint,  and 
tributyl  tin  (35) . 

The  antifoulant  dissolves  away  at  a  particular  rate  which  Is  usually 
logarithmic,  A  typical  rate  for  cuprous  oxide  is  10  mg  of  Cu/Cm2day  (36). 
Because  part  of  the  coating  dissolves  away  it  must  be  reapplied  periodically. 

Recent  findings  suggest  that  tributyl  tin  (T.B.T.)  may  be  a  dangerous 
pollutant  which  is  incorporatsd  In  the  food  chain  by  shell' fish.  As  a  result 
it  has  baen  banned  in  certain  areas. 

While  there  are  many  other  types  of  costings,  our  experiments  were  limited 
to  these  materials  since  they  are  commercially  available  for  use  in  the  marine 
industry. 


14.  £giCoimancA,.gl.,.g.tp.clr,.g.fia£l.ng.s 

The  performance  of  various  coatings  as  potential  repair  materials  for  boat 
hulls  ware  evaluated  for  three  different  situations: 

1.  Coatings  were  applied  over  the  gel  coat  of  e  new  laminate.  The  objective 
of  this  is  to  see  if  a  coating  on  a  new  boat  hull  will  delay  or  prevent  the 
onset  of  blisters,  The  test  also  served  to  evaluate  the  effectiveness  of  a 
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coating  materiel  as  compared  to  an  equal  thickness  of  gel  coat.  (Sample 
aeries  201} 


2.  Coatings  were  used  in  place  of  a  gel  coat.  They  were  applied  over  a  new 
laminate  as  a  substitute  for  a  gel  coat.  This  is  to  determine  the 
performance  of  a  coating  in  place  of  a  gel  coat.  (Sample  series  202) 

3.  Coatings  were  applied  over  blistered  samples  after  removal  of  the  gel  coat 
and  various  repair  procedures.  This  is  to  determine  the  performance  of  the 
coatings  as  repair  saterials.  (Sasple  series  200) 

For  all  tests,  the  samples  used  were  from  the  very  large  panel  with  an 
orthophthalic  acid  based  gel  coat  and  laminating  resin  discussed  in  Section 
nine.  Some  of  the  samples  used  in  the  experiment,  discussed  in  section  nine, 
were  used  to  evaluate  the  coatings  as  repair  materials. 


One  other  set  of  samples  was  used  to  help  evaluate  repair  materials  and 
techniques.  These  samples  came  from  a  aeverely  blistered  boat  donated  to  us 
by  a  boat  manufacturer.  The  boat  hull  was  cut  into  4*  x  4"  test  samples. 
(Sample  series  203) 

14.1  Coating:  Procedures 

Eleven  different  coatings  were  evaluated .  All  ere  commercially  available 
and  are  recommended  for  use  in  a  marine  environment.  These  ere: 


-  alkyd  enamel  based  bottom  psint 

•  urethane-silicone-alkyd  blend  based  bottom  paint 

•  silicone -alkyd  enamel  based  bottom  paint 

-  phenolic  resin  based  spar  varnish 

-  cuprous  oxide -epoxy  based  sntifouling  paint 

-  two-part  polyurethane  blend 

-  urethane -epoxy  blend 

-  two-part,  system  -  penetrating  epoxy  and  overcoat  filled  epoxy 

•  high  solids  content  epoxy 

-  penetrating  epoxy 

-  coal  tar  pitch  based  epoxy 


Table  5  summarizes  the  coating  Busbar  designation,  type  of  coating,  method 
of  application,  total  Busbar  of  coats,  preparation  between  coats,  cure  time 
between  coats  and  minimum  cure  time  before  water  lasers  ion.  All  manufacturers 
procedures  were  followed  for  all  staples  sets,  except  for  the  202  series  of 
saaples,  where  double  the  recomsended  number  of  coats  were  used.  For  sample 
series  200,  201  and  202,  each  saaple  will  be  labelled  using  the  coating  number 
designation  and  a  letter  a  -  d  which  designates  staples  within  a  particular 
coating  set.  Coating  number  12  aeans  gel  coat  only,  no  coating. 

3-4 <2  Serlea-lQl  - -Casting.  Over,  a  Gel  Coat  of  a  New  Laminate 

Forty-six  saaples,  chosen  randomly  aaong  over  200  ortho/ortho  saaples, 

a 

produced  by  a  local  boat  manufacturer,  were  used  for  the  study.  Four  saaples 
were  tested  per  coating  type. 

Prior  to  coating,  the  gel  coat  was  scrubbed  with  soap  end  water  to  remove 
aeving  debris  followed  by  a  manufacturers'  recommended  pre-coating  solvent 
wash  in  order  to  remove  waxes  and  oils,  sanded  with  80  grit  sandpaper  and 
again  scrubbed  with  soap  and  water  and  washed  with  the  solvent.  The  samples 
were  dried  thoroughly  before  coating. 

The  total  vet  coating  thicknesses  were  targeted  to  10  ails.  A  ail  gsuge 
was  used.  Procedures  listed  in  Table  5  were  followed  for  each  coating. 

All  saaples  were  aonitored  for  blister  initiation  time,  blister  severity, 
coating  blisters,  deterioration,  as  well  as  for  any  other  notable  change.  Two 
samples  from  each  coating  set  were  immersed  in  distilled  water  at  65  *C.  The 
other  two  from  each  set  were  exposed  to  65*C  water,  on  the  coating  side  only, 
for  a  period  time  and  then  totally  imaersed  in  water  at  65 *C.  These  saaples 
were  weighed  periodically  to  analyze  differences  in  weight  gain  of  the  saaples 
aaong  the  different  coatings. 

Upon  completion  of  experimentation,  coating  and  gel  coat  thicknesses  were 
measured  from  a  section  of  each  of  the  samples,  blisters  were  punctuated 
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randomly  to  measure  blister  fluid  pH  using  pH  paper.  For  a  selected  set  of 
samples,  thin  cross 'Sections  were  made  using  a  diamond  saw,  later  to  be  used 
for  microscopic  observations . 

14.3  Results  Irani  Scries,. 201 

Results  for  series  201  are  summarized  in  Table  6.  The  table  presents  gel 
coat  and  coating  thickness,  blister  initiation  time,  blister  density  and 
severity  (taken  at  monthly  intervals) ,  total  immersion  time  in  water  at  65*C 
and  blister  fluid  pH.  Those  samples  that  were  exposed  to  one  sided  immersion 
for  a  period  of  time  are  designated  with  a  atar  next  to  the  sample  number. 

All  sample  designated  with  the  letter  "d"  from  each  coating  set,  end  sample 
12  b,  had  blister  initiation  times  that  fell  fer  below  eny  of  the  others  in 
the  set.  These  samples  were  exposed  to  water  on  one  side  for  a  period  of  time 
but  were  weighted  very  frequently.  Repeated  heating  and  cooling,  repeated 
drying  and  wetting  and  repeated  bending  may  produce  surface  microcracks.  This 
will  speed  up  the  blister  initiation  time.  For  this  reason  these  samples  will 
not  be  used  to  evaluate  the  coatings. 

In  order  to  determine  which  coating  delays  the  onset  of  blistering  best, 
the  data  must  be  normalized  to  gel  coat  end  coating  thicknesses.  Generelly, 
the  thicker  the  total  coating  the  greater  the  blister  initietion  time. 

Without  normalizing  to  thickness  a  sensible  comparison  cannot  be  made  among 
the  coatings.  Although  the  wet  coatirg  thickness  was  targeted  to  10  mils,  on 
curing,  each  coating  shrunk  by  a  different  amount.  Also,  variations  in  gel 
coat  thicknesses  for  these  samples,  as  discussed  in  Section  9  played  a  major 
role  on  blister  initiation  times. 

Fig.  39  shows,  for  samples  a-c  of  each  coating,  the  average  blister 
initiation  time  vs  the  average  combined  gel  coat  and  coating  thicknesses  (Line 
one) .  It  can  be  seen  that  there  is  a  general  trend  of  increasing  blister 
initiation  time  with  increased  total  coating  thickness.  Line  two  represents 
blister  initiation  time  vs  gel  coat  thickness  for  samples  taken  from  the  large 
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Figure  39.  Average  Blister  Initiation  Time  vs.  Average  Total  Coating  Thickness 
(Coating  Gelcoat),  for  Series  201  at  65 *C. 


ortho/ortho  panel  (see  Fig.  21).  Microscopic  observation  iron  series  201, 
show  that  the  depth  of  the  blister  position  is  sore  or  less  identical  for 
those  staples  without  coating. 

Host  importantly,  figure  39  shows  that  if  the  combined  coating  and  gel  coat 
thickness  had  all  been  gel  coat,  the  blister  initiation  time  would  have  been 
sooner.  Only  staples  with  coating  10  do  not  show'  this.  The  added  protection 
*  coating  gives  «ust  therefore  be  the  difference  between  the  point  the  coating 
represents  on  Line  2  in  Figure  39,  and  the  point  of  equivalent  gel  coat 
thickness  on  Line  1. 

Table  seven  summarizes  for  each  coating,  staples  a  -  c,  the  average 
combined  gel  coat  and  coating  thickness,  average  blister  initiation  tine, 
blister  initiation  time  for  equivalent  gel  coat  thickness,  using  equation  9.1, 
hours  of  added  protection  (blister  initiation  tlae  minus  the  calculated  time 
using  equation  9.1)  and  relative  rating  of  the  coating  (1  (best)  -  12 
(worst)). 

In  general,  for  equivalent  thickness  of  costing,  coatings  1,  2,  3,  6,  and 
11,  all  giving  about  the  same  added  protection,  performed  best  end  coatings  7 
and  9,  both  about  the  same,  gave  the  poorest  added  protection.  Coating  10  is 
difficult  to  evaluate  since  it  washes  away  with  time.  Ho  negative  effects 
were  apparent. 

Microscopic  observations  from  a  selected  group  of  samples  from  each  coating 
set,  except  coating  7,  show  that  the  susceptible  site  for  blister  formation  is 
near  the  chop/veil  reinforced  zones  interface,  in  the  veil  zone  or  at  the 
veil/roving  interface.  This  is  approximately  2  ma  below  the  bottom  of  the  gel 
coat  or  3  -4  am  from  the  back  aide  of  the  sample.  This  is  described  in 
Section  9.  It  is  clear  that  coating  over  a  gel  coat,  with  these  coatings, 
does  not  alter  the  blister  position.  Samples  with  coating  7  developed  some 
blisters  in  the  typically  susceptible  zone,  but  predominantly  in  tha  chopper 
glass  reinforced  zone,  just  beneath  the  gel  coat.  Results  from  samples  series 
200  and  202  indicate  that  some  species  (s)  in  the  urethane* epoxy  blend  based 
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Table  7 


SsigMUtsa  SnU.s  .Ml  ,aL,.6,?:.C...Ca,ingd 

frsa.J&s..S&aUpg 


Coating 

Average 

Average 

Blister 

Hours  of 

Rating  of 

Number 

Coating 
Thickness 
(gel  coat 
&  coating) 
(mils) 

Blister 

Initiation 

Time 

(hrs) 

ini tat ion 
tiae  for 
gel  coat 
of  Equiv¬ 
alent 
Thickness 
(hrs) 

added 

protection 

(hrs) 

coating 

1 

27.9 

2290.3 

1305.6 

984.7 

5 

2 

24.8 

2334.2 

981.1 

1353.1 

1 

3 

26.4 

2342.3 

1145. 1 

1197.3 

2 

4 

26.7 

1769.8 

1179.2 

*  590.6 

8 

5 

28,2 

1958.3 

1333.0 

625.3 

7 

6 

38.1 

3525.8 

2351.0 

1174.8 

3 

7 

31.4 

1909.3 

1660.9 

248.4 

10 

8 

34.3 

2625.2 

1958.2 

667.0 

6 

9 

37.5 

2610.5 

2289.5 

321.0 

9 

10 

32.4 

1600.3 

1763.4 

-163.1 

12 

11 

34.1 

2946.3 

1941.1 

1005.2 

4 

gel  coat 

24.9 

970.7 

970.7 

0 

11 

coating,  diffuses  through  tha  gal  coat,  into  th*  laminate,  intar  acting  with 
some  laachable  constituent  in  cha  laminate ,  to  make  tha  zone  highly 
auseihpcible  to  blistering.  This  interaction  moat  likely  forma  some  water 
soluble  material.  Tha  pH  of  all  hliatar  fluid  was  between  3  and  3.5  which  la 
typical. 

Microscopic  observation#  of  thin  cross* sect ions  shoved  that  tha 
polyester/coating  bond  was  good  with  all  coatings  except  with  antifouling 
paint  (coating  10)  and  coal  tar  epoxy  (coating  9).  Coating  blisters  formed, 
to  some  extent  in  all  coatings,  axcapt  costings  7  and  10,  epoxy - ure thane  blend 
and  antifoullng  paint,  respectively.  The  most  extensive  coating  bllatara 
occurred  with  advent  based  coatings  which  commonly  font  coating  blisters. 
These  include  bo t tea  paints  (coatings  1,  2  and  4),  marine  phenolic  spar 
<  Wrnish  (coating  3)  and  coal  ear  epoxy.  Coating  3  only  formed  a  few  tiny 
coating  blistars.  It  did,  howevar,  show  extensive  deterioration.  Coating  10, 
antifouling  paint,  also  dagrated  after  a  period  of  time .  This,  however,  la 
the  property  of  an  antlfoulant  paint.  Coatings  5,  6 ,  S  and  11  developed  some 
swelling  blisters  and  coating  bllatara  but  not  very  extensively.  Zn  some 
cases  what  appeared  to  be  coating  blisters  at  first,  such  as  In  coating  S, 
ware  found  to  be  swelling  blisters  (Sea  section  10  later). 

Debris,  left  over  from  sanding  between  coats,  results  in  bad  adhesion 
between  the  coats  and  may  lead  to  coating  blisters.  Despite  tha  effort  to 
clean  the  surface  after  sanding,  a  substantial  amount  of  debris  remained. 

This  la  bast  seen  with  tha  clear  coatings.  Figure  40  shows  a  photomicrograph 
of  the  debris  between  costs  of  coating  11.  Debris  between  coats  was  also  seen 
in  coating  8  and  the  primer  coating  of  coating  8.  The  debris,  however, 
appeared  not  to  alter  tha  bend  between  the  coats.  The  particles  appear  to  be 
wetted  vary  well  by  the  coating. 

Interestingly,  dish  cracks  formed  in  coating  11,  a  penetrating  opoxy. 

These  may  have  been  the  cause  of  the  coating  blisters  formed  in  this  coating. 
Under  crossed  polarized  light,  it  can  be  seen  that  there  is  a  high  amount 
stress  in  the  cured  costing.  This  stay  have  led  to  the  disk  cracking. 
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Figure  40.  Photomicrograph  Shosving  Debris  Between  Coats  of  Coating  11. 


Shrinkage  during  cure,  as  well  as  to  a  lesser  degree,  swelling  as  a  result  of 
water  permeation,  are  the  probable  causes. 

Particularly  with  solvent  based  coatings,  the  coating  blisters  grow  very 
large  and  eventually  break  open.  This,  eventually,  can  lead  to  the 
deterioration  and  peeling  off  of  the  coatings.  Surprisingly,  no  negative 
effects  on  blister  resistance  were  seen  that  could  be  attributed  to  coating 
breakdown . 


14.4  Series,  202  -  Coating  in  Place  of  a  Cel  Coat 

Thirty-three  samples  were  chosen  randoaly  fron  the  large  orthophthallc  acid 
based  gel  coat  and  laainating  resin  panel  described  previously.  The  gel  coat 
was  removed  using  a  disk  sander.  The  saaples  were  scrubbed  with  water  to 
remove  any  sanding  debris.  They  were  dried  et  ambient  rooa  conditions. 

Coatings  were  applied  following  the  procedures  listed  in  Table  5  for  each 
coating.  However,  in  order  to  coapare  the  performance  of  a  coating  to  that  of 
a  gel  coat,  a  20  ail  wet  costing  thickness  was  desired.  For  this  reason, 
double  the  manufacturer  recommended  number  of  coats  were  applied.  The 
thickness  of  each  coat  was  measured  using  a  ail  gauge.  Uhen  using  paints,  the 
total  dry  thickness  was  considerably  below  a  gel  coat  thickness. 

All  samples  were  totally  immersed  in  65*C  water  and  monitored  for  blister 
initiation  time,  blister  severity,  coating  blisters,  deterioration,  etc,. 

Once  testing  had  been  completed  the  dry  coating  thickness  was  measured  for 
each  of  the  samples.  Blister  fluid  pH  was  measured.  Thin  cross-sections  were 
made  from  a  selected  group  of  saaples  for  use  In  microscopic  studies. 


grigs  22 2 

Results  for  scries  202  saaples  are  presented  in  table  8. 
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Table  8.  Results  for  Series  202  -  Coating  in  Place  of  a  Gel  Coat,  at  65*C 
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In  order  to  make  «  comparison  for  blister  resistenee  among  the  costings  and 
to  compare  then  to  a  gal  coat,  once  again  the  blister  Initiation  times  must  be 
normalized  to  coating  thickness.  Although  the  wet  coating  thickness  was 
targeted  to  20  mile,  shrinkage  during  cure  variad  significantly  among  the 
coatings  and  created  substantial  variation*  in  dry  coating  thickness. 

The  average  blister  inltistion  time  vs  the  average  coating  thickness,  for 
each  of  the  coatings,  la  shown  In  Figure  41,  The  average  was  taken  for  the 
three  samples  used  to  test  each  coating. 

A  difficulty  that  arises  for  this  series  is  how  to  normalise  Che  data. 
Normalizing  the  data  using  aquation  9.1  becomes  meaningless  in  th*  absence  of 
the  gel  coat.  Microscopic  observation*  of  thin  cross **ectlons  show  that,  for 
samples  with  costings  6,  7,  6  and  11,  the  blisters  are  aituated  in  the  chopper 
glass  reinforced  zone,  closer  to  th*  eoating/laalnat*  interface  and  with 
coating  seven  they  are  almost  sc  th*  coating  interface ,  Sample!  with  coatings 
1,  2,  3,  4,  5  and  9  have  blisters  positioned  in  the  typical  piece  for  samples 
from  this  test  panel  close  to  the  chop/veil  interface.  Because  of  sanding 
approximately  1  mm  of  the  chopped  glasa  reinforced  zone  w**  removed.  A*  a 
result  all  blister*  become  closer  to  the  costing.  This  reduces  the  distance 
the  permeating  water  must  travel  to  sites  susceptible  to  blistering.  For  this 
reason  equation  9.1  can  no  longer  be  used  to  normalize  the  coating  thickness.  > 
Fast  data,  however,  has  shown  that,  with  blistsrs  found  Just  beneath  th*  gel 
coat,  near  the  gel  coat/resin  interface,  that  if  the  gel  coat  thickness  is 
doubled,  the  blister  initiation  clsa  roughly  doublaa.  Because  these  blister# 
ere  positioned  close  to  the  coating/lsainate  interface,  this  assumption  will 
be  used  for  series  202  samples. 

Point  1,  from  figure  21,  is  the  blister  initiation  tine  for  a  blister 
positioned  just  beneath  the  gel  cost,  Using  the  above  assumption,  the 
relationship  between  blister  initiation  time  and  gel  cost  thickness  becomes 
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Average  Coating  Thickness  (mils) 

Figure  41  .Average  Blister  Initiation  Time  vs.  Average  Coattns 


Blister  initiation  tine  -  24.3  x  gel  eoat  thickness  (14.1).  This  is 
plotted  as  line  1  on  Figure  41. 

Table  9  presents  the  average  coating  thickness,  average  blister  initiation 
tine,  blister  Initiation  tine  for  equivalent  gel  eoat  thickness,  using 
aquation  14.1,  added  protection  and  relative  rating  of  coating  (1  best  *11 
worst) . 

a 

Coatings  3,  4,  5  and  6,  per  equivalent  thickness  of  gel  coat,  provided 
added  protection  against  the  onset  of  blistering.  All  other  coatings  gave 
less  protection  than  a  gel  coat  of  equivalent  thickness.  It  should  be  noted 
that  samples  with  coatings  1,  2,  3,  6  and  11  are  plus  ox  sinus  one  hundred 

hours  of  blister  Initiation  tl&e  for  gel  coat  of  equivalent  coating  thickness. 

v 

1rt.ese  coatings  can  be  assumed  to  perform  comparably  to  a  gel  eoat  of 
equivalent  thickness.  Significant  protection  against  blistering  was  lost  with 
costings  7  and  8.  On  the  other  hand,  coating  4,  an  ure thane -ail icone -alkyd 
based  bottom  pelnt,  shoved  superb  protective  properties  against  the  formation 
of  sub-coating  bliaters.  Coating  5  also  gave  enhanced  added  protection. 

In  this  experiment  it  was  vary  difficult  to  differentiate  coating  blisters 
and  swelling  blisters  from  sub-costing  blisters.  Many  times  the  only  way  to 
differentiate  the  three  is  by  cross -sectioning  and  examining  the  sample  under 
e  microscope. 

Following  cross -sectioning  of  samples  with  coating  5,  those  that  appeared 
to  be  blisters  were  found  to  heve  swollen  zones.  These  swollen  zones  appear 
as  lines  which  follow  glass  fibers  when  viewed  from  the  surface.  One  reason 
for  this  may  be  due  to  polyurethene  vetting  the  loose  glass  fibers  on  the 
surface.  As  water  permeates  into  the  polyurethane  coating  it  swells.  This 
includes  any  polyurethane  surrounding  glass  fibers.  As  it  swells,  it  pushes 
the  glass  fibers  in  the  bundle  apart.  This  was  observed  on  samples  with 
coating  1  as  well,  but  to  a  much  lesser  extent.  Fortunately  these  formed  at  s 
later  date  than  sub-coating  blisters.  Another  possible  cause  for  the 
formation  ef  this  type  of  swelling  blisters  may  be  that  something  on  the  glass 
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Table  9 .  Calculated  Added  Protection. Gained  from  the  Coating,  against  Blistering 
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fiber  reacts  with  th«  polyurethane  and  causes  it  to  swell  with  water. 

Microscopic  cross •sections  showed  that  blister  Initiation  tines,  for 
samples  with  coating  (.  an  epoxy,  were  found  to  be  for  swelling  blisters. 

What  were  believed  to  be  blisters  in  samples  with  coal  tar  epoxy,  coating  9, 
later  were  found  to  be  coating  blisters.  Sub-coating  blisters,  that  formed 
never  developed  enough  osmotic  pressure  to  cause (the  saaple  to  bulge  outward. 
Quite  s  few  swelling  blisters  formed  in  coating  8  that  were  reported  to  be 
blisters . 

Zn  some  cases  there  is  e  question  of  whether  the  blister  initiation  tines 
reported  are  for  sub-coating  or  swelling  and/or  coating  blisters.  All  blister 
initiation  times  were  corrected  except  for  samples  with  coating  9  where  it  was 
not  possible.  These  blisters  never  developed  enough  osaotic  pressure  to  bulge 
outward. 

Samples  with  alkyd  or  alkyd  containing  fcottoa  paints,  coatings  1,  2  and  4, 
performed  surprisingly  well  when  normalized  to  thickness.  Blister  severity 
was  much  less  than  with  coatings  6.7,8  and  11.  Coating  4.  a  urethane- 
silicone-  alkyd  blend  performed  especially  well.  Alkyd  enamela  have  been 
suggested  to  have  poor  resistance  to  water  permeation,  swelling  and  coating 
blister  formation.  These  samples  formed  coating  blisters  in  e  short  period  of 
time.  With  eome  of  thes«  coatings,  many  coating  blisters  grew  so  large  that 
they  burst.  As  a  result  it  would  be  anticipated  that  the  coating  would  lose 
its  protective  properties.  All  blisters  formed  at  or  near  the  chop/veil 
Interface.  Most  did  not  develop  enough  osmotic  pressure  to  produce  e  bump  on 
the  saaple  surface.  The  reasons  that  can  be  given  to  explain  tha  performance 
of  these  alkyd  type  based  coatings  are:  (1)  leaching  of  water  soluble 
material,  (2)  stresses  produced  at  the  coating/substrate  interface  were  less 
and  (3)  some  chemical  reaction  or  interreaction  between  some  constituent  in 
the  coating  with  the  polyester  resin  end/or  glass. 

The  coating,  while  reducing  the  rate  of  water  permeation  into  the  hull, 
also  does  not  allow  the  leaching  of  water  soluble  material  out.  Once  the 
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coating  breaks  down  leaching  becomes  permissible.  Low  molecular  weight 
material  is  necessary  for  blister  and  disk  crack  formation.  Disk  cracks, 
however,  promote  water  soluble  material  leaching.  Disk  crack  and  blister 
formation  must  precede  any  substantial  leaching  and  therefore  this  must  be 
ruled  out  as  one  possible  explanation. 

Microscopic  observations  of  samples  with  coatings  1,  2  and  4  show  no 
birefringence  or  stress  near  tha  coating/leainate  interface.  These  coatings 
bond  very  wall  to  polyester  resin,  but  not  to  exposed  glass  fibers.  This  was 
the  cause  of  the  coeting  blisters  thet  formed  et  the  interface. 

It  must  therefore  be  concluded  that  some  chemical  interaction  or  reaction 
occurred  between  some  constituents (s)  in  the  bottom  paint  and  something  in  the 
laminate  to  reduce  the  rata  of  water  permeation  into  the  hull  and/or  to  tie  up 
low  molecular  weight  species. 

Coating  3,  phenolic  resin  bssed  spar  varnish,  performed  in  a  similar  manner 
as  the  bottom  paints  axcapt  that  not  very  many  coating  blisters  developed. 
However,  after  a  period  of  time  the  coating  began  to  degrade. 

The  polyurethane  based  coating  performed  very  well.  A  few  blisters  formed 
near  the  chop/veil  interface.  None  of  the  blisters  generated  enough  osmotic 
pressure  to  cause  a  bulge  on  the  surface.  The  surface  was,  however,  covered 
with  a  glass  pattern  that  appeared  to  be  swollen  zones  that  follow  glass 
fibers.  Very  few  coating  blisters  were  present.  Some  did  occur  at  the 
interface  because  the  polyurethane  does  not  bond  well  to  glass  fibers  that  are 
exposed  on  the  surface.  Except  for  the  epoxies,  this  coating  maintained  its 
surface  appearance  best  and  underwent  the  least,  if  any,  amount  of 
degradation. 

Mixed  results  were  obtsined  with  the  vsrious  epoxies  tested.  Coatings  6 
and  11  gave  protection  against  blistering  that  is  comparable  to  a  gel  coat  of 
equivalent  thickness.  Protection  against  blister  initiation  was  lost  with 
costings  7  and  8.  Since  the  blisters  produced  in  samples  with  coating  9  never 


75 


developed  enough  osmotic  pressure  to  produce  s  bunp  on  the  surface,  blister 
initiation  times  could  not  be  obtained.  The  blisters  occurred  near  the  chop/ 
veil  interface.  Many  large  coating  blisters  formed  and  collapsed.  This 
coating  absorbs  an  appreciable  aaount  of  water.  Veter  can  be  squeezed  out  of 
the  coal  tar  epoxy.  But  overall,  the  coating's  protective  properties  appear 
to  be  good. 

* 

Samples  with  coatings  6,  7,  8  and  11  show  a  shift  in  blister  position. 

From  predominantly  baing  near  the  chop/veil  interface,  usually  in  the  veil 
reinforced  zone,  the  blister#  shifted  to  the  chopper  glass  reinforced  zone, 
close  to  the  coating/laminate  interface.  Blisters  in  samples  with  coating  7 
almost  formed  right  at  the  interface.  Several  raasons  can  be  hypothesized  to 
explain  the  performance  of  these  coating: 

1.  Stresses- - Epoxy  coatings  bond  excellently  to  both  polyester  resin  and  glass 
fibers.  Samples  with  coating  11  appeared  to  be  slightly  stressed,  when 
viewed  under  cross 'polarized  light,  in  the  chopper  glass  reinforced  zone, 
just  beneath  the  coating.  A  substantial  amount  of  stress  was  present  in 
the  coating.  Differential  swelling,  with  water  absorption,  betwaen  the 
epoxy  and  polyester  could  increase  the  stress  further  at  the  Interface. 
Stresses  can  be  ruled  out  as  the  cause  of  blistering  given  the  following 
three  reasons:  One,  samples  with  coating  11  in  aeries  200  show  similar 
stresses  at  the  coating/substrate  interface,  but  the  blisters  are  ' 
positioned  at  the  chop/veil  interface.  Two,  coating  11  was  poured  over  a 
thin  polyester  film.  Following  cure  no  shrinkage  stresses  were  evident. 

If  such  stress  had  been  present  it  would  have  caused  the  sample  to  bow. 
Finally,  three,  no  stresses  were  seen  at  or  near  the  coating  substrate 
interface  with  any  of  the  other  eoatings. 

The  degree  of  stress  in  the  coating  appears  to  be  a  function  of  the 
number  of  coats  applied.  The  stress  produced  is  far  greater  in  samples 
202-llA>llC,  where  6  coats  were  applied.  Once  exposed  to  water,  these 
stresses  are  significant  to  cause  disk  cracking  in  the  coating.  This  would 
alter  the  protective  properties  of  the  coating.  Other  coatings  could  not 
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be  evaluated  for  stresses  because  of  tha  presence  of  filler.  Fillers  eay 
in  fact  act  as  reinforcement  and  aay  prevent  disk  cracking. 

2.  Epoxy /polyester  resin  interaction.  Samples  with  coating  6,  8  and  11  forned 

a  brownish  discolored  zone,  just  beneath  the  coating,  In  the  chopper  glass 

reinforced  zone,  approximately  1  am  thick.  This  zone  discolors  aftar 

approximately  one  week  of  exposure  to  weter  at  65*C.  This  is  balieved  to 

* 

be  a  result  of  some  constituent  in  the  epoxy  based  coeting  diffusing  Into 
the  polyester  resin.  Once  it  interacts  with  water,  a  brownish 
discoloration  results.  Microscopic  examination,  under  cross  polarized 
light,  shoved  no  stresses  related  to  this  diffusional  layer.  Stresses 
would  be  a  result  of  swelling.  Mo  evidence  of  a  diffusional  layer  was 
present  in  samples  that  had  never  seen  water.  Blisters* developed  near  the 
brownish  discolored  zone  and  tha  unaffected  zone  Interface.  It  la  not 
fully  clear  at  this  time  if  there  is  a  connection  between  the  two.  In  any 
event,  samples  with  identical  coatings  in  series  200  formed  blisters  near 
the  chop/veil  interface  where  this  same  phenomenon  was  seen.  It  should  be 
noted  that  because  of  the  amount  of  material  removed  In  the  repair  process, 
the  discolored  zona  often  extended  to  the  chop/veil  interface.  It  Is  not 
known  how  this  diffusional  layer  effects  water  permeation  Into  the 
laminate . 

3.  Low  molecular  welaht  material.  The  final  explanation  for  tha  change  in 
blister  position  is  the  following.  Whatever  diffuses  into  the  polyester 
resin,  from  the  uncured  epoxy  coeting.  Is  a  source  of  low  molecular  weight 
or  it  interacts  with  something  in  the  resin  or  on  the  glass  fibers  to 
become  a  source  of  water  soluble  materiel(s). 

No  diffusional  layer  developed  in  samples  with  coeting  7,  a  urethane- 
epoxy  blend.  Blisters  were  positioned  virtually  at  the  coeting/laminate 
interface  end  initiated  overnight  on  all  six  samples.  After  approximately 
one  week  of  exposure  to  65*C  water,  the  entire  surface  was  covered  with 
large  blisters.  The  epoxy  blend  bonded  excellently  to  both  the  polyester 
resin  and  glass  fibers.  No  stresses  were  evident.  Again,  in  samples  with 
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this  costing  In  serlss  200  blisters  formed  nssr  the  chop/veil  Interface. 
Sample  series  200  were  subject  to  a  significant  amount  of  leaching  before 
coating.  It  Is  strongly  believed  that  some  constituent  diffuses  into  the 
polyester  resin  and  Interacts  with  a  teachable  constituant(s)  to  create  a 
zona  Chat  is  highly  concentrated  in  weter  soluble  material.  The  pH  of 
blister  fluid  was  measured  between  4.5  and  5.0  with  coating  7.  All  other 
samples  in  this  series  had  blister  fluid  pH's  |>e tween  3  end  3.5. 


14.5  Sample  Series  200  -....Coatings  used  as  Repair .. Materials. 

Sample  preparation  techniques  for  samples  from  series  200  are  discussed  in 
Section  15,  Evaluation  of  Repair  Techniques.  All  samples  that  were  used  to 
c  evaluate  coating  materials  had  the  gel  coat  rsmoved  by  disk  sanding.  Prior  to 
sanding,  all  blisters  were  circled  and  traced  onto  a  4"  X  4*  piece  of  tracing 
paper  in  order  to  sec  if  blisters  will  reoccur  in  those  areas  once  repaired. 
They  were  then  scrubbed  with  e  stiff  brush  arid  water  and  then  immersed  in 
distilled  water  at  room  temperature  for  one  week.  Each  day  the  samples  were 
scrubbed,  the  distilled  water  was  replaced  and  the  samples  were  re ‘immersed. 
The  samples  were  dried  In  a  circulating  oven,  at  65*C,  till  constant  weight 
readings  were  obtained. 

All  samples  were  coated  using  the  procedures  described  in  Table  5.  In 
addition,  three  sets  of  samples  were  set  aside  to  study  the  effects  of  various 
fillers  on  blistering.  These  fillers  are  commonly  used  in  puttying  and 
fairing  compounds.  Those  tested  were  phenolic  microballoons,  glass 
microspheres  and  fumed  silica.  22.2  percent  by  volume  of  filler  was  added  to 
coating  number  11.  Otherwise,  all  manufacturers  recommended  procedures  were 
followed.  Results  for  the  fillers  are  reported  in  section  15  which  discusses 
the  evaluation  of  repair  techniques. 

All  samples  were  imnersed  in  distilled  vster  at  65*C  and  were  monitored 
periodically  for  blister  initiation,  severity  and  any  other  notable  changes. 
Following  experimentation,  the  blisters  were  circled  and  traced  onto  the 
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identical  piece  of  tracing  paper  to  determine  if  the  blisters  formed  la 
previously  blistered  tones.  Coating  thickness  was  Measured  from  a  section  of 
aaeh  of  the  samples.  Blister  fluid  pH  vaa  measured.  A  aalacted  group  of 
samples  were  cross-sectioned  using  a  diamond  saw  later  to  be  used  for 
microscopic  examination. 

14.6  Esialii-Jim  StrUs . 2QQ 

The  results  for  sables  used  to  evaluate  coating  materials  from  Seri  as  200 
are  given  in  Table  10.  Table  11  presents  average  coating  thickness,  average 
blister  initiation  tine  and  average  blister  protection  per  coating  thickness. 

By  tracing  blisters  prior  and  after  repeir,  it  vu*  found  that  on  all  the 
saaples,  some  blisters  did  reoccur  in  previously  blistered  zones ,  particularly 
where  large  blisters  were  present  before  repeir.  Because  moat  of  the  blisters 
were  positioned  2am  below  the  gel  coat,  during  sanding,  unless  it  vaa  known 
that  a  blister  vaa  there,  some  blisters  could  be  eesily  missed.  Following 
repair,  once  water  reaches  the  blistered  site,  osmosis  will  begin  agein. 
Similarly,  if  all  the  damaged  material  la  not  removed  entirely,  blisters  will 
begin  at  that  sits.  It  is  not  known  if  those  blisters  that  initiated  first 
are  those  that  formed  in  previously  blistered  zones.  Also,  during  the  sanding 
process,  blister  fluid  smeared  many  times  over  the  entire  sample.  If  the 
surface  is  not  properly  washed  off  blisters  can  develop  in  that  area. 
Therefore,  it  la  the  job  of  the  coating  to  retard  water  permeation  into  the 
hull  and  hence  to  delay  the  Initiation  or  further  growth  of  blisters. 

Prior  to  repair,  ell  samples  from  series  200  were  exposed  to  distilled 
water,  at  65*C,  for  approximately  1896  5135  hours,  which  is  equivalent  to  3.6- 
9.7  years  of  exposure  to  water  at  25'C  (assuming  that  with  every  10*C,  the 
rate  of  reaction  roughly  doubles) .  This  was  done  to  create  the  blister 
condition  desired  for  repair.  Following  testing  or  the  repair  samples,  they 
were  immersed  a  total  of  2484-6644  hour's  ,i.t  65*C  or  an  equivalent  of  4.5*12.6 
years  at  25*C. 
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Table  10  Resit lu  for  Series  200  -  Coaling  as  a  Repair  Material,  at  65°C 
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SfiMe  11  Saaea  of  BfeswUs  .for  .Coating  Materials  Dscd  as  Repair  Materials 
Series  200.  at  65*C 


Coating 

Number 


Average 

Coating 

Thickness 

(ails) 


Average  Blister 
Initiation 
Time  (hrs) 


Protection 
Against 
Blistering  per 
Coating 
Thickness 
(hrs/ail) 


1 

4.4 

193.0 

43.6 

2 

4.4 

60.3 

13.8 

3 

5.5 

962.0 

173.6 

4 

5.5 

650.0 

118.4 

5 

5.6 

446.3 

79.4 

6 

14.4 

792.0 

55.0 

7 

8.8 

240.7 

27.4 

8 

15.4 

703.5 

45.7 

9 

11.7 

... 

*  -  . 

11 

10.9 

643.7 

58.9 

Excluding  the  chopper  glass  reinforced  zones,  these  sets pies  ere  severely 
disk  cracked  from  the  veil  suit  reinforced  zone  to  the  back  side  of  the  staple. 
Susceptibility  of  this  zone  to  blistering  is  discussed  In  Section  9.  Disk 
cracks  provide  a  gateway  for  low  molecular  weight  species  to  leach  out. 
Leaching  does  take  place  without  disk  cracking  but  the  process  is  extremely 
slow. 

a 

Because  of  the  long  tine  the  seaples  were  exposed  to  water,  it  la  believed 
that  a  significant  amount  of  leaching  had  taken  place.  A  reduction  in  the 
availability  of  water  soluble  constituents  could  lengthen  the  time  for 
blisters  to  initiate,  reduce  severity  and  reduce  the  rate  of  blister  growth. 
Even  though  roughly  half  the  costing  thickness  applied  in  series  202  was  used 
in  series  200,  generally  speaking,  the  blister  initiation  times  were  increased 
In  series  200. 

Microscopic  observations  show  thst  all  blisters  ere  positioned  near  the 
chop/veil  Interface.  This  is  where  most  ell  blisters  were  positioned  prior  to 
repair.  Because  variable  amounts  of  laminate  were  ground  off  across  a  sample 
in  order  to  remove  all  damaged  material,  th«  chop/veil  sons  becomes  located  at 
variable  distances  from  the  coating.  This  affects  blister  Initiation  times. 
This  is  one  reason  why  the  performance  of  the  coatings  cannot  be  compared  to 
that  of  a  gel  coat. 

As  expected,  there  is  e  general  increase  in  blister  Initiation  time  with 
increasing  coating  thickness.  Samples  with  coatings  3  and  4,  phenolic  spar 
varnish  and  urethane -silicone -alkyd  blend  bottom  paint,  respectively,  gave  the 
best  added  protection  against  blistering  per  mil  thickness  of  coating.  The 
worst  protection  per  thickness  is  given  by  costings  2,  silicone  alkyd  enamel 
end  7,  urethane -epoxy  blend  based  coating.  Again,  costing  9  could  not  be 
evaluated  since  large  coating  blisters  formed  on  the  surface,  but  no  sub¬ 
coating  blisters  were  observed.  Blisters  were  only  found  following  cross- 
sectioning.  Coating  2  performed  as  well  as  s  gel  cost  in  series  202  and 
better  then  a  gel  cost  in  series  201.  The  reason  for  its  poor  performance  in 
this  series  is  not  known.  The  types  of  hull  damage  produced  in  samples  with 
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costing*  1,  2,  3,  4,  5  end  9  wars  predominantly  blister*  that  wsr#  in  th*  form 
of  osmotic  cracks.  Host  never  developed  enough  osmotic  pressure  to  create  a 
visible  bump  on  th*  surface.  They  were  fever  in  quantity  and  smaller  In  sit* 
than  those  produced  vith  coating  6,  7,  8  and  11.  These  blisters  appear 
Identical  to  or  slightly  worse  than  those  produced  vith  new  gel  coated 
samples.  The  blisters  bulge  outward  and  are  large.  This  signifies  that  a 
substantial  amount  of  osmotic  pressure  Is  being  generated. 

A  very  thin  brown  dlffusional  layer  formed  beneath  coating  9,  while  a 
fairly  thick  layer,  approximately  lam,  formed  in  samples  with  coatings  6,  8 
and  11.  Most  all  blisters  were  adjacent  to  or  in  the  brown  dlffusional  layer 
and  were  near  the  chop/veil  interface. 

« 

Blisters  in  samples  with  coating  7  were  positioned  near  the  chop/veil 
Interface.  To  the  contrary,  samples  coated  with  coating  7  in  serios  202 
formed  blisters  almost  at  the  coating/substrate  interface.  This  signifies 
that  some  interaction  of  the  laminate  vith  some  diffusing  species  from  the 
uncured  epoxy  generates  osmotic  centers. 

e 

Severe  coating  blisters  occurred  in  coating  2,  to  a  lesser  degree  in 
coatings  4  and  9  and  very  few  were  seen  in  coatings  1,  3  and  11.  Swelling 
blisters  were  found  in  coatings  5,  6  and  8.  No  defects  were  found  in  coating 
7.  In  some  cases,  coating  and  swelling  blisters  were  mistaken  for  sub-coating 
blisters  when  reporting  blister  initiation  times  and  severity.  All  data  was 
corrected,  except  for  coating  9  results  where  it  was  not  feasible.  During 
testing,  no  blisters  were  visible  in  the  three  samples. 

Basically  two  types  of  coating-blisters  were  found- -those  produced  at  the 
coating/substrate  Interface  and  those  produced  between  coats.’  Those  formed  at 
the  interface  are  a  result  of  a  poor  bond  between  the  coating  and  substrate. 
Vith  coatings  1,  2,  3,  4  and  5,  they  appear  to  be  e  result  of  a  poor  bond  with 
glass  fibers.  All  epoxies  bonded  very  well  to  glass.  All  of  the  coatings, 
except  coating  9,  formed  an  excellent  bond  vith  polyester  resir.  Coating  9 
fell  off  during  machining,  indicating  a  fairly  weak  bond. 
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*4.7  Series  203  Evaluation  of  Repair.  Materials  one 

fitYir.tly..  SUitnM  ^gft£.iiaU 

JExasa&XM 

The  procedures  used  are  identic#!  Co  Cheat  followed  for  the  •valuation  of 
repair  material  for  aeries  200, 

Btaulti 

Initially,  an  attempt  was  made  to  aaka  a  record  of  all  bliatera,  prior  to 
(  Impair,  by  tracing  this  onto  a  4“  X  4"  piaca  of  tracing  paper,  but  alnca  th* 
antira  boat  hull  panala  vara  blistered,  it  was  fait  that  no  Information  would 
be  gained  by  tracing  the  blitters. 

No  bllstsrs  svsr  formed  in  the  costed  temples,  Initially  it  was  thought 
chat  bliatars  vara  praaant  in  thoaa  sasplta  with  coating  6.  Following 
microscopic  axaminatlon,  these  were  found  to  be  swelling  bliatars.  In  sll 
costing*,  except  coating  7,  availing  and/or  coating  blisters  were  present  to 
tone  extent. 

The  reason  for  tha  absence  of  blisters  la  attributed  to  e  substantial 
leaching  of  low  molecular  weight  mstarlal  from  the  laminate .  The  boat  panels 
vara  substantially  blistered  upon  racaival.  However,  because  ail  blisters  had 
dried  out  and  collapsed,  tha  boat  hull,  after  it  was  cut  into  small  panels  was 
immersed  in  65*C  water  in  order  for  the  blister  cavities  to  refill  with  fluid 
once  again.  The  panels  were  soaked  for  e  long  period  of  time.  During  this 
period,  more  blisters  developed  and  most  blisters  erseksd  open,  Eventually 
the  entire  gel  coat  wee  cracked.  This  allowed  all  blister  fluid,  concentrated 
in  low  molecular  weight  constituents,  to  flow  out  and  leaching  from  the 
surrounding  raain  to  become  mors  rapid.  During  tha  repair  procaaa,  the 
eamples  were  soakad  and  periodically  scrubbed  in  distilled  water  for  one  weak, 
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thus  allowing  further  leaching  to  taka  place. 


It  can  be  concluded  free  thla  study  that  leaching  la  a  very  Important 
phenomenon.  Once  low  eolecular  weight  constituents  ara  removed  froa  a  boat 
hull  it  will  not  disk  crack  or  blister,  'these  findings  offer  considerable 
hope  for  the  repair  of  severely  damaged  hulls.  It  should  ba  emphasized  that 
the  restoration  of  such  a  hull  taunt  be  more  than  ^juat  a  coating  procedure. 
Considerable  strength  loss  accompanies  severe  blistering.  Additional  layers 
of  fiberglass  must  be  placed  ever  the  hull  in  order  to  restore  strength. 
Coatings  then  can  be  added  to  prevent  blistering. 


14.«  Smon>ftja^l,CgAUng  RmmLu 

•  » 

Table  12  summarize*  the  results  from  aeries  200,  201  and  202.  Table  13 
preaents  blister  initiation  time*,  froa  all  three  teat  aeries  (excluding 
series  203),  if  the  experiment*  had  been  conducted  at  25*C  instead  of  6S*C. 

It  is  assumed  that  with  every  10*C  or  lb*F,  the  rata  of  reaction,  or  rate  of 
blletering,  roughly  doubles.  Table  13  provide*  a  batter  guideline  for 
deciding  how  well  the  coatings  will  delay  blistering  in  *  practical  situation. 
Protection  per  thickness  of  coating  is  very  important,  but  since  the 
manufacturer's  recommended  number  of  coats  or  thickness  should  always  be 
followed,  it  1*  nor*  practical  to  evaluate  the  costings'  performance  per 
manufacturer's  recommended  thickness.  Advere*  effects  could  arise  with 
coatings  that  are  too  thick,  particularly  with  those  coatings  that  cure  or  dry 
by  solvent  evaporation.  However,  no  negative  affects  were  observed  with  the 
coatings  in  series  202  where  double  the  manufacturers'  recommended  number  of 
coats  were  applied. 

On*  advantage  to  epoxies  is  the  ability  to  achieva  thick  coating  films. 

The  thicker  the  coating,  the  longer  it  takes  for  water  to  permeate  into  the 
underlying  laminate  and  the  longer  it  takes  for  blisters  to  Initiate.  But 
normalized  to  thickness,  their  protective  properties  are  no  better  than  that 
of  the  gel  cost's,  when  coated  over  an  un-gei*eoated  laminate,  and  In  soma 


Table  13 .  Summary  of  Blister  Initiation  Times  at  25*C 
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coat- 

in* 

hours 

months 

hours 

months 

years 

hours 

months 

1 

3088 

4.15 

36640 

49.2. 

4.1 

1376 

1.8 

2 

960 

1.3 

37344 

50.2 

4.2 

928 

1.2 

3 

15392 

20.7 

37472 

50.4 

4.2 

2864 

3.8 

4 

10400 

14.0 

28320 

38.1 

3.2 

20896 

28.1 

5 

7136 

9.6 

31328 

42.1 

3,5 

8048 

10.8 

6 

12672 

17.0 

56416 

75.8 

6.3 

10608 

14.2 

7 

3856 

5.2 

30554 

41.0 

3.4 

368 

0.5 

8 

11248 

15.1 

42000 

56.4 

4.7 

7424 

10.0 

9 

-  -  - 

-  -  - 

41760 

56.1 

4.7 

... 

— 

10 

-  -  * 

... 

2S605 

34.4 

2.9 

-  -  - 

— 

11 

10304 

13.8 

47136 

63.4 

5.3 

8688 

11.7 

12 

•  **  • 

*  *  • 

15520 

20.9 

1.75 

... 

— 

eeaes  comparable  to  bottom  point*. 


Coating  an  apoxy  over  a  gel  coat  will  delay  the  onset  of  blistering  and  may 
in  fact  reduce  blister  severity.  This  is  a  result  of  coating  thickness  and 
the  epoxy's  low  permeability  to  water.  At  25*C,  coating  6  will  delay  the 
onset  of  blistering  for  6.3  years,  coating  11  for  5.3  years  and  coatings  8  and 
9  for  4.7  years.  All  others  will  give  2*3  years  of  added  protection.  But  in 

a 

general,  any  sort  of  coating  will  help.  The  only  one  not  recommended  is 
coating  7,  a  urethane* epoxy  blend.  The  coating  gave  added  protection,  but  the 
blister  position  was  moved  to  directly  beneath  the  gel  coat.  In  these 
samples,  this  cone  is  normally  not  susceptible  to  blistering.  If  used  in  a 
laminate  where  this  cone  Is  already  susceptible  to  blietering,  this  costing 
may  lead  to  more  devastating  results. 

If  a  coating  is  applied  over  a  bare  laminate,  coating/polyester  resin 
interactions  must  ba  considered.  In  sample  aeries  202,  the  epoxies,  coatings 
6,8  and  11,  will  delay  blistering  longer  than  soma  of  the  non-epoxy  coatings, 
but  the  price  one  pays  is  Increased  blister  severity.  Many  large  blisters 
formed  in  these  samples  and  the  blister  position  was  altered.  Epoxies  say  in 
fact  present  a  greater  problem  if  the  susceptible  rone  to  blistering  is 
already  beneath  the  coeting.  This  is  not  known  without  further 
experimentation.  On  the  other  hand,  with  coating*  1,2,3, 4, 5  and  9,  far  less 
blisters  formed  and  most  all  never  develop  enough  osmotic  pressure  to  cause  a 
bulge  on  the  surface.  However  the  disadvantage  with  many  of  these  coatings  is 
poor  surface  appearance;  i.e.  coating  blisters.  Coeting  4,  a  urethane* 
silicone -alkyd  blend  bottom  paint,  gave  superb  results  when  used  over  the  bare 
laminate.  Coating  5,  a  two  part  aliphatic  polyurethane  enamel  performed  very 
well  also.  The  polyurethane  retains  its  surface  appearance  very  well.  The 
epoxy-urethane  blend,  coating  7,  gave  disastrous  results. 

In  samples  series  200  the  effects  of  leaching  become  evident  as  it  plays  a 
role  on  the  performance  of  the  costings.  In  this  series  the  coating  Is  placed 
over  the  base  laminate  after  blisters  have  been  removed.  The  epoxy  coating 

performed  better  here  than  in  series  202.  But  still,  blister  severity  is 
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equivalent  to  gel  coated  samples  and  sore  severe  then  with  costings  1,2, 3 ,4, 5 
end  9.  Costings  3  end  4,  phenolic  sper  varnish  end  urethane  silicone -elkyd 
based  bottom  paint,  respectively,  gave  excellent  protection  per  ail  of  costing 
end  per  total  applied  thickness.  Coating  7,  again,  does  not  give  as  Much 
protection  per  ail  of  coating  applied  as  the  other  coatings.  Severity  la 
similar  to  that  for  gel  coated  sastples.  To  conclude,  In  aost  cases  epoxy 
'based  costing  will  delay  the  onset  of  blistering  best  because  of  the  ability 
to  achieve  thicker  films.  They  can  be  used  with  confidence  over  a  gel  coat, 
but  with  care  over  a  bars  laminate,  because  once  blisters  do  initiate ,  the 
size,  quantity  and  rate  of  growth  of  blisters  will  be  far  greater  then  with 
any  of  the  other  coatings  (except  for  costing  7). 

a 

If  an  epoxy  is  to  he  used,  it  aust  be  one  such  that,  using  the 
manufacturer's  recommended  procedures,  a  thick  film  of  at  least  10  mils  dry 
can  be  achieved.  Otherwise,  all  advantages  are  lost.  Coating  6,  a  two-part 
system,  with  a  penetrating  epoxy  undercoat  and  a  pigmented  overcoat  epoxy, 
performed  best.  Costing  11,  a  penetrating  epoxy,  also  performed  very  well. 

A  bottom  paint  is  highly  recommended  when  coating  over  an  un-gel-coated 
fiberglass  reinforced  laminate.  Performance  is  very  good  over  gel -coated 
samples  as  well.  Overall,  Che  two  that  performed  best  were  coating  4,  a 
urethane -sil icons -alkyd  blend  bottom  paint  end  coating  5,  a  two-part  aliphatic 
polyurethana  enamel.  The  polyurethane  gave  the  best  surface  appearance  after 
prolonged  exposure  to  water.  Epoxy-urethane  based  coating  can  not  be 
recommended. 

In  any  event,  It  Is  obvious  that  coatings  will  not  prevent  blistering  if 
pieced  on  a  substrate  that  contains  osmotic  centers.  At  most,  if  chosen 
carefully,  a  coating  can  significantly  delay  the  onset  of  blistering  and 
reduce  blister  severity.  The  only  way  to  prevent  blistering  is  to  keep  the 
fiberglass  hull  material  free  from  water  saturation.  This  can  only  be 
accomplished  by  removing  the  coating,  drying  the  hull  end  then  replacing  the 
coating  before  the  hull  begins  to  ssturste  with  water.  This  should  be  done 
well  before  the  blister  initiation  times  reported  for  each  of  the  coatings  in 
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Table  13.  Am  long  mm  the  absorbed  water  in  the  hull  Is  kept  below  saturation, 
blisters  and  disk  cracks  can  not  Initiate. 

These  reeoa&endations  are  only  based  on  the  experimental  results  obtained 
from  this  study.  Blister  initiation  tines  nay  vary  with  laainates  constructed 
of  different  aaterials  than  those  tested  here. 


15.  Evaluation  of  Repair  Techniaues 

Termination  of  the  blistering  process  is  very  important  In  order  to  keep 
the  hull  structurally  sound.  The  blistering  process  can  be  Interrupted  or 
terminated  by  repairing  the  hull.  Repair  of  a  blistered  hull  is  generally 
*  Very  expensive  and  the  hull  may  re -blister  some  time  later.  Each  tint  the 
hull  blisters  and  becomes  daaaged  some  laminate  is  removed  in  the  process. 
Cnremoved  damaged  laminate  becomes  e  site  for  blister  growth  and  hull  failure. 
Eventually  the  lost  materiel  must  be  replaced.  For  this  reason  it  is  very 
important  to  reduce  the  number  of  times  a  hull  is  repaired.  This  can  be  done 
by  finding  the  beat  repair  materials  and  techniques. 

Repairing  a  hull  usually  involves  the  following: 

1.  Removal  of  antifouling  and  bottom  paints  and  gel  coat  either  from  the 
blistered  zone  or  the  entire  hull. 

2.  Removal  of  all  damaged  fiberglass  reinforced  polyester  resin.  This 
includes  the  opening  of  blisters  and  removal  of  all  damaged  resin  adjacent 
to  the  blisters. 

3.  Washing  the  hull  to  remove  low  molecular  weight  materials  that  are 
concentrated  in  blistered  sites. 

4.  Drying  the  hull  In  order  to  delay  the  onset  of  blistering. 
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5.  Filling  end  fairing  of  all  blistered  areas,  if  neeassary,  with  fairing 
compounds  or  reinforced  polyester  resin. 

6.  Restating  of  the  hull  to  protect  it  from  water  absorption  and 
blistering. 

Each  of  these  aspects  of  repair  will  be  investigated  to  some  extent.  The 

# 

following  repair  procedures  will  be  evaluated; 

A.  fitlsau.  (coated). 

1.  (Control)  Removal  using  a  disk  sander. 

2.  Removal  using  heat  gun  and  scraper. 

Though  sand  blasting  is  a  convenient  technique,  because  of  its  limitations 
for  usage  in  the  laboratory ,  this  procedure  was  not  evaluated. 

B.  Washing  the  Hull.  The  following  five  methods  were  evaluated: 

(control)  1.  Scrubbed  with  water  to  remove  sanding  dabrls.  This  Is 
followed  by  immersion  in  distilled  water  at  room  tamparature  for  one 
week  and  scrubbed  with  water  daily.  Immersion  in  distilled  water  will 
allow  low  molecular  weight  constituents  to  leach  out. 

2.  Short,  light  rinse  end  scrubbed  with: 

a)  water 

b)  mild  soap  solution 

c)  5  wt.  %  ammonia  in  water  solution. 

3.  Short  high  prsssure  rinse  using  a  spray  gun. 

4.  No  washing,  just  a  light  brushing  of  the  surface  In  order  to  remove 
excess  debris. 
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c.  Drying  of  the  Hull 


(control)  1.  Approximately  one  week  in  a  circulating  oven  at  65*C. 
Sample*  are  weighed  periodically.  Drynes*  is  achieved  when  constant 
weight  readings  are  obtained. 

*  • 

2.  One  week  natural  drying  at  ambient  room  conditions. 

* 

3.  Two  days  natural  drying  at  ambient  room  conditions. 

D.  Filling:  and  Fairing  Combination  of  an  epoxy  with  one  of  the 
following  fillers  used  commonly  for  filling  end  fairing: 

1 .  Phenolic  microballoons 

2.  Glass  microspheres 

3.  Colloidal  silica 

4.  Killed  glass  fibers  (only  used  for  permeation  study) 

5.  No  added  filler 

Zn  all  cases,  22.2  percent  by  volume  of  filler  was  added  to  coating  11. 
Instead  of  filling  individual  gouges  In  the  hull  samples,  the  entire 
sample  was  coated  with  the  fairing  compound.  No  overcoat  was  applied. 
See  coating  procedures. 

E.  Costing  of  the  Lamina^  All  coatings  Hated  in  Section  14  ,  except 
for  antifouling  paint  and  gel  coat,  were  tested.  Gel  coat  was  not 
tested  because  of  the  difficulty  of  avoiding  an  air  Inhibition  layer 
while  simultaneously  trying  to  control  thickness. 

i  All  experimental  procedures  and  results  ere  presented  in  Section  14. 

Coating  6  was  used  as  the  control  for  the  evaluation  of  ell  repair 
techniques . 
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In  order  to  evaluate  the  effect  each  step  In  the  repair  proceee  haa  on  the 
performance  of  the  sample,  all  other  steps  are  kept  at  the  designated 
controls . 

Two  different  laminates  were  used  to  evaluate  repair  procedures.  All 
panels  were  sewed  up  Into  4*  x  4*  pieces.  The  first  is  Che  very  large  panel 
with  an  orthophthalic  acid  based  laminating  res la  and  gel  coat  donated  to  us 
by  a  local  boat  manufacturer.  Seventy* two  samples  were  immersed  in  distilled 
water  at  65*  C  till  a  significant  number  of  blisters  had  formed.  Data  taken 
for  the  first  forty- five  of  these  staples  are  presented  in  section  9.  Total 
immersion  times  varied  from  1896  to  5136  hours.  Immediately  following  removal 
from  water,  all  blisters  were  circled  and  traced  onto  a  numbered  4"  x  4"  piece 
of  tracing  paper  and  filed  for  later  use.  Once  testing  of  the  repair 
procedures  was  completed,  blisters  on  the  repaired  samples  were  circled  and 
traced  onto  the  Identical  piece  of  tracing  paper.  This  way  It  can  be 
determined  if  blisters  form  in  already  previously  blistered  zones.  Table  14 
presents  sample  numbers  with  the  repair  procedures  used. 

The  second  set  used  to  evaluate  repair  techniques  were  17  severely 
blistered  sections  from  a  boat  donated  to  u*  by  a  boat  manufacturer.  The  gel 
coat  was  Isophchalic  acid  end  /  neopentyl  glycol  besed.  The  laminating  resin 
used  was  isophthalic  acid/propylene  glycol  based,  cured  with  BPO.  The  entire 
laminate  is  reinforced  with  chopperglass  roving.  The  panels  have  a  foam 
backing  which  could  not  be  removed  entirely. 

Because  the  panels  were  out  of  water  for  an  extensive  period  of  time,  the 
blisters  had  dried  out  and  ver^  very  difficult  to  identify.  The  boat  sections 
were  immersed  in  65*C  distilled  water  for  some  period  of  time  so  blister 
cavities  could  refill  with  solution.  Many  of  the  blisters  cracked  open. 
Eventually  the  entire  gel  coat  surface  cracked.  Blister  tracing  was  attempted 
but  since  the  entire  surface  was  blistered,  it  became  tedious  and  meaningless. 
Before  repair  the  panels  were  cut  up  into  4”  x  4"  places.  Each  sampls  was 
labeled  using  the  panel  number  (1*17)  and  the  sample  letter  from  the  panel. 
Sample  numbers,  with  their  repair  schemes,  are  listed  in  table  15. 
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Tftbie  u.  E«?glr„Prg,tcfargs  .fag.  faxlss  2M 

laXBglS,  ifapfrcr  *?recedure  Ttittd 

2,  20,  5*  control 

1.  52,  66  B  -  3 

30,  39,  64  B  -  2a 

9,  62,  69a  S  -  2b 

4,  56,  68  B  *  2c 

11,  36,  45  B  -  4 

33,  60,  69  C  -  3 

8,  35,  50  C  -  2 

3  <11A),  13  <UB),  17  (UC>  D  -  5 

7  (11-ID) ,  51  <11-1E),  55  (11-1F)  D  -  1 

16  (11-2G),  28  (11-2H) ,  53  <11-2X>  D  -  2 

42  (11-3J),  46  (11-3K) ,  63  (11-3L)  D  *  3 


* 


All  other  variables,  besides  those  procedures  to  be  evaluated,  are  kept 
at  the  designated  controls.  Designations  are  given  in  the  text. 


Ttble  15.  Repair.  Procedures  for  Series  203 


*PTPSf^VK*-TiH,ttd 


IB,  3A,  3C,  4A,  4B,  5A,  5E,  6 C,  6E  control 

2B,  5F,  6F  B  -  3 

1A,  2A,  6B  B  -  2a 

5C,  15B,  7A  '  B  -  2b 

7F,  9C,  10A  B  .  2c 

108,  15A,  16 C  B  -  4 

2C,  SB,  6A  C  •  3 

3B,  50, 60  C  -  2 

17A,  17B,  17C,  17D  A  -  2 


*  All  other  variables,  besides  those  procedures  to  be  evaluated,  are  kept 
at  the  designated  controls.  Letter-number  designations  are  given  in  the 
text. 


15.1  RgmXta,,gB-Efegaly.,.TftchnLg»g.s 


This  set  of  experiments  we*  extremely  disappointing  in  on*  respect  end 
quit*  encouraging  in  another  respect.  One  set  of  samples  (series  203)  never 

reblistered  so  variations  In  repair  techniques  could  not  be  evaluated.  The 

* 

second  set  (series  200)  blistered  so  slowly  that  the  test  temperature  had  to 
be  elevated  in  order  to  differentiate  on*  treatment  from  another  within  the 
time  frame  of  the  atudy.  The  encouraging  aspect  is  that  none  of  the 
variations  In  repair  techniques  caused  conditions  that  destroyed  the 
effectiveness  of  coating  repair  procedures. 

c'Ci-  Series  203  was  made  using  the  severely  blistered  boat  hull.  When  the 

samples  were  repaired  and  testing  was  begun,  we  did  not  realize  that  all  water 
soluble  constituents  had  been  leached  from  the  material  and  hence  it  was  no 
longer  subject  to  blistering.  Only  in  panel  17  did  large  Interfacial  blisters 
form.  The  others  showed  no  blistering  after  several  thousand  hours.  For 
these  reasons  only  series  200  results  are  reported  for  repair  performance. 
These  resuit*  ere  given  in  table  16. 

The  following  conclusion  can  be  drawn  on  the  various  repair  techniques 
tested: 

i.  BgBsaal^afJbliaiax jtamuatiL ezi&iIaL 

This  is  a  vary  crucial  step  in  the  repair  process.  All  blisters  and 
surrounding  damaged  material  must  be  removed.  These  sites  are 
concentrated  in  low  molecular  weight  material.  If  not  removed,  ones 
permeating  water  reaches  these  zones,  blisters  will  Initiate  almost 
immediately  since  one  ingredient  for  blister  formation  and  growth  is 
already  present.  In  addition,  the  damaged  material  serves  no  purpose 
since  it  has  no  structural  integrity.  It  must  be  replaced. 


Table  16  Results  from  the  Evaluation  of  Repair  Techniques  for  Series  20Q  after. .1376 
hours  of  Exposure  to  Water  at  65*C 


Tested 

Sample  Number 

Blister 

Blister 

Maximum 

Procedure 

Initiation 
time  (hrs) 

Density 

(blisters 

/cm5) 

* 

blister  sire 
(cm1) 

2 

488+  48 

few  blisters 

0.09 

Control 

20 

>1376 

none 

w  at  m 

59 

131+  36 

0.40 

2.55 

1 

488+  48 

0.32 

0.90 

B-3 

52 

363±  24 

0.32 

6.60 

• 

66 

12Q8±  68 

0.32 

11.80 

•  + 

30 

716±  84 

0.40 

1.20 

B-2a 

39 

1208+168 

few  blisters 

0.49 

64 

1208+168 

0.32 

0.36 

9 

584+  48 

0.08 

0.60 

B-2b 

62 

584+  48 

0.56 

1.50 

69a 

488+  48 

0.72 

0.35 

4 

488+  48 

0.48 

0.21 

B-2c 

56 

1208+168 

0.16 

5.75 

68 

413+  26 

2.00 

0.24 

11 

>1376 

none 

«  •  « 

B-4 

36 

>1376 

none 

m  m  at 

45 

488+  48 

0.32 

0.36 

33 

>1376 

none 

... 

C-3 

60 

>1376 

none 

... 

69 

1208+168 

few  blisters 

0.20 

8 

1208+168 

1  blister 

3.52 

C-2 

35 

488+  43 

0.64 

2.00 

50 

716+  84 

0.80 

0.15 

By  making  tracts  of  blister  positions  prior  end  following  repair,  it 

was  found  that  some  blisters  do  recur  in  previously  blistered  zones.  It 

it  not  known,  however,  If  these  were  the  first  blisters  to  initiate 

since  these  sites  would  already  be  concentrated  in  low  Molecular  weight 

Materiel.  Most  blisters  that  formed  occurred  In  zones,  that  prior  to 

repair,  never  had  blistered.  Three  possible  reasons  can  be  given  for 

this:  1)  Blisters  that  never  showed  on  the  surface  were  present  In 

♦ 

these  areas  and  ware  not  reaoved  while  tending.  2)  The  Materiel  around 
blistered  zones  is  deprived  of  low  Molecular  weight  Material.  It  la 
atill  available  in  previously  unbllatered  zones.  3)  Epoxy  costing 
interacts  with  sqm*  low  Molecular  weight  constituent  to  make  the  area 
susceptible  to  blistering. 

In  staple  series  200,  the  blisters  art  positioned  approximately  2ma 
beneath  the  bottom  of  the  gel  cost,  near  the  chop/veil  interface. 

Because  of  the  depth  of  these  blisters,  removal  of  blisters  becomes  very 
difficult  unless  the  exact  location  of  the  blister  on  the  sample  la 
known.  Many  bllatera  could  have  been  misted  while  sanding. 

Removal  using  s  disk  sender  glv®*  a  very  smooth  surface.  Removal 
using  a  heat  gun  and  scraper  reaulta  in  an  extremely  poor  surface.  This 
method  was  only  dons  for  panel  17  In  series  203.  Only  the  gel  cost  can 
be  scraped  off  and  this  is  very  difficult.  Reooval  of  blister  damaged 
material  la  impossible.  During  scraping,  glass  fibers  get  tom  out  of 
the  glass  fiber/polyestsr  matrix.  The  surface  is  very  rough  with  loose 
glass  fibers  extending  outward.  This  leads  to  interfacial  failure 
between  the  coating  end  substrate.  Similar  interfacial  blisters  were 
also  teen  in  sample  series  200  where  deep  blisters  were  present  prior  to 
repair,  particularly  down  the  tepered  sides  of  these  zones.  The  pH  of 
this  blister  fluid  is  around  5  with  apoxy  based  coatings.  These 
blisters  contain  many  loose  glass  fibers  that  are  only  partially  wetted 
by  the  epoxy  resin.  Epoxy  resin  wets  and  bonds  excellently  to  glass 
fibers.  It  is  suspected  that  air  becomes  entrapped  between  the  loose 
glass  fibers  so  that  uncured  epoxy  resin  cannot  flow  in.  Also,  sanding 


debris  nay  get  trapped  in  the  fibers. 


Coating  onto  a  smooth  surface  la  extremely  important  in  order  to 
avoid  Interfacial  problems.  All  loose  glass  fibers  should  be  sanded 
down. 

Removal  using  a  heat  gun  and  a  scraper  is  not  advised.  Not  only 
because  of  s  poor  costing  surface,  but  more  importantly  because  it  is 
extremely  dangerous.  Polyester  resin  is  extremely  flammable.  During 
gel  coat  removal  the  laminate  caught  fire,  very  quickly,  many  times. 

The  high  heat  will  alter  the  properties  of  the  polyester  resin  as  well. 
The  force  of  scraping  may  damage  the  laminate  by  introducing 
aicrocrecks . 

Sandblasting  is  commonly  used.  This  technique  was  not  tested  since 
it  could  not  be  done  in  the  laboratory.  If  not  done  properly  it  may 
damage  the  laminate.  The  force  of  sandblasting  could  produce 
microcracks  in  the  laminate  and  imbed  low  molecular  weight  material  into 
the  laminate.  If  sandblasting  is  used,  the  gun  should  be  held  at  a  low 
angle  to  the  hull  and  the  size  and  type  of  nozzle  should  be  carefully 
selected. 

2.  Hashing  ..the  Hall 

Many  repairers  have  suggested  that  once  sanding  has  been  completed,  a 
thorough  washing  of  the  hull  is  necessary  to  remove  low  molecular  weight 
material  from  blistered  sites. 

Six  different  washing  techniques  were  evaluated;  one  week  immersion  in 
distilled  water;  high  pressure  wash  with  a  nozzle;  three  types  of  rinses -- 
water,  aoap  and  water  ammonia  solution,  followed  by  s  fresh  water  rinse;  and 
no  washing,  just  a  dry  brushing  of  the  surface.  An  somonis  rinse  would  help 
neutralize  blister  fluid. 


Surprisingly  no  difference  in  severity  was  seen  among  the  six  Methods , 
Brushing  of  debris  from  the  surface  was  just  es  effective  ss  lasers ion  in 
distilled  water  for  one  week  and  brushing  daily.  By  leaser  sing  in  distilled 
water  at  25*6,  it  was  hoped  that  low  aolecular  weight  constituents  would  be 
leached  out.  The  rate  of  leaching  at  25 *C  is  extremely  slow. 

e 

a 

It  is  doubtful  if  any  water  soluble  constituents ,  in  the  laainate  were 
removed  by  washing  snd  soaking.  The  only  way  to  remove  low  aolecular  weight 
material  froa  blistered  sites  is  by  sanding.  Ho  damaged  material  should  be 
left.  Scrubbing  and  rinsing  the  bare  laminate  with  fresh  water  to  remove  all 
lose  debris  is  highly  recommended.  During  the  sanding  process,  as  blisters 
are  ruptured,  blister  fluid  may  smear  or  flow  across  the  laminate.  This 
should  be  thoroughly  washed  off.  A  mild  soap  and  water  wash  may  help  loosen 
debris  from  the  surface,  but  it  must  be  followed  by  a  thorough  rinae  with 
fresh  water  to  remove  all  aoap  residue. 

Microscopic  examination  of  the  laminate  surface,  using  a  binocular 
microscope  showed  that  even  with  a  light  rinse,  sll  voids  examined  ware 
cleaned  of  sanding  debris.  Debris  left  on  the  surface  may  lead  to  poor 
adhesion  of  the  coating  ox  resin  to  the  underlying  laainate.  Some  Interfacial 
blisters  were  discovered  which  were  the  result  of  sending  debris  left  on  the 
surface . 


3.  Pxying  Hull 

Before  a  laminate  is  recoated  it  must  be  dried.  Veter  is  one  necessary 
Ingredient  far  blister  formation.  As  long  as  water  is  kept  out  of  the  hull, 
or  below  the  saturation  level,  disk  cracks  and  blisters  will  not  develop.  If 
a  moisture  laden  hull  is  coated,  the  coating  will  seal  the  moisture  in.  If  a 
high  concentration  of  water  Is  already  present  in  the  laminate,  it  will  disk 
creek  snd  re-blister  sooner.  Hull  drying  is  discussed  aore  thoroughly  in 
section  12. 
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Three  drying  scheduler  wer*  tested;  two  days  and  one  week  of  natural  drying 
and  complete  drying  in  a  circulating  oven  at  €5*C,  Before  drying  these 
samples  vere  found  to  contain  from  1.2  to  1.42  percent  vster.  From  this  it 
can  be  approximated  that  the  *  caplet  that  vere  dried  for  two  days  and  one  week 
contained  .47  to  .77  percent  vater  and  .17  to  .25  percent  water,  respectively, 
when  coating  took  place.  No  apparent  effect  vas(evident  on  blister  Initiation 
tines  among  the  different  treatments.  The  laminate  saturates  very  quickly 
with  vater  at  65*C  and  therefore  blister  initiation  would  be  dependent  on  the 
availability  of  vater  soluble  material.  At  25*C  a  difference  in  blister 
initiation  times  is  expected  due  to  the  water  concentration  difference. 
However,  after  coating,  the  samples  vere  placed  In  65*G  water.  At  this  higher 

a 

temperature,  s  new  saturation  level  vill  be  established.  The  vater 
concentration  at  25*C  Is  much  belov  the  new  65*C  saturation  level. 

Results  from  drying  experiments  and  recommendations  are  presented  in  more 
detail  in  Section  12. 

4.  mUng-and-rsUlng 

Three  types  of  fillers,  commonly  used  in  filling  and  fairing  compounds, 
vere  tested  for  their  effects  on  blistering.  Those  tested  ere  colloidal 
silica,  glass  microspheres  and  phenolic  microballoons.  All  fillers  vere  added 
to  coating  11,  a  penetrating  epoxy  at  a  concentration  of  22.2  percent  by 
{  volume.  Results  are  presented  in  Table  17. 

i 

(  Per  thickness  of  coating,  colloidal  silica  has  no  adverse  effect  on  the 

coating's  protective  properties.  Those  samples  vlth  added  glass  microspheres 
and  phenolic  microballoons  performed  about  the  seme  per  mil  of  coating,  but 
had  roughly  half  the  protection  against  blistering  than  those  samples  vlth  no 
i  added  filler.  This  is  in  agreement  with  permeability  studies.  Though 

(  diffusion  coefficients  ere  not  effected  by  the  type  of  filler,  except  vlth 

.  phenolic  microballoons  where  it  is  almost  a  magnitude  slower,  the  saturation 
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levels  with  these  hollow  fillers  increases  four  or  five  fold.  This  suggests 
that  water  Is  entering  these  hollow  spheres.  If  saturated  water  is  present  on 
the  surface  (or  interface)  of  the  polyester  resin,  then  the  laminate  will 
saturate  with  water  and  blister  faster. 

The  surface  of  coatings  containing  microballoons  and  aicrospheres  develop 
small  pits  after  a  short  period  of  time.  The  hollow  spheres  on  the  surface 

S 

must  break  away.  The  epoxy  bonds  very  well  to  the  fillers.  Large  coating 
blisters  form  over  the  entire  surface  with  the  coating  containing  glass 
microspheres.  These  form  in  between  the  coats.  Many  of  the  glass 
microspherss  appear  to  be  broken.  Swelling  of  the  polymer  with  water 
absorption  will  put  these  hollow  spheres  into  compression.  This  force  must  be 
significant  to  cause  the  filler  to  rupture. 

Fairing  compounds  with  hollow  type  fillers  are  not  recommended.  Hollow 
fillers  make  the  putty  sendable.  which  otherwise  may  be  difficult.  If  a 
coating  is  placed  over  a  hollow  filler  containing  putty  once  water  enters  the 
putty,  it  may  rasult  in  failure  of  the  eoating  and  more  rapid  hull  blistering. 

From  these  findings  on  repair  techniques,  from  results  of  costing  material 
performance  and  from  discussions  with  boat  owners  and  repairers,  a  set  of 
recommendations  for  repair  has  been  prepared  end  can  be  obtained  from  the 
American  Boat  Builders  and  Repairers  Association. 

17.  Summary  of  Conclusions 

There  are  so  many  findings  in  this  report  that  a  complete  summary  is 
difficult  without  repeating  much  of  the  report.  However,  there  are  several 
new  and  Important  results  which  should  be  emphasized  and  several  basic 
findings  which,  while  previously  reported,  should  be  stressed. 

1.  Blisters  result  from  water  interactions  with  water  soluble  materials  in 
the  laminate. 
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2.  Blisters  srs  initiated  *t  disk  cracks  and  these  can  form  only  if  the 
hull  aster iel  becomes  saturated  with  water.  Blisters  may  fora  earlier 
at  sites  where  there  is  a  high  concentration  of  water  soluble  material. 

3.  Blistering  proceeds  from  surface  levels,  down  into  the  hull,  as  water 
saturation  becomes  deeper  and  deeper.  Beep  seated  "Blisters"  show  up  as 
osmotic  cracks  which  can  lsad  to  hull  delamination  and  loss  of  laminate 
strength. 

4.  Certain  coatings  or  binders  on  glass  fibers  were  shown  to  be  the  major 
cause  of  blistering  in  several  laminates. 

5.  Cel  Coats  are  effective  barriers  to  water  build* up  in  the  hull. 

6.  Because  of  the  wide  range  of  blister  initiation  times  for  samples  taken 
from  a  single  panel,  blister  research  is  most  meaningful  if  many  samples 
are  analyzed  statistically. 

7.  Coating  materials  used  in  repair  may  interact  with  the  hull  material. 

The  interaction  can  promota  or  ratard  blistering.  Several  epoxies 
showed  harmful  Interactions.  Marine  paints  performed  extremely  well. 

3.  The  thickness  of  a  barrier  coating  is  a  major  factor  in  slowing 

blistering.  Since  epoxies  can  be  built  to  20  mils,  they  can  be  used  in 
repair.  However,  two  coats  of  an  alkyd  bland  marine  paint  and  a  two* 
part  marine  polyurethane  perform  just  as  well. 

9.  Three  crucial  steps  for  a  successful  rtpair  of  a  blistered  hull  ere; 

(1)  the  complete  removal  of  blister  damaged  material,  (2)  the  drying  of 
the  hull  to  50  percent  (or  less)  of  water  saturation,  and  (3)  the 
selection  of  the  coating  material. 


Many  boats  Bade  with  high  quality,  wall  cured  resins  and  gel  costa 
and  water  resistant  glass,  will  not  blister. 
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